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Appendix A: Proofs

A1. Portfolio problems

PROOF OF LEMMA 1:

Notice that (3) implies

WD
t (at, ϕt) = φtat + ϕt + W̄D

t ,

where

(A1) W̄D
t ≡ max

ãt+1∈R2
+

[
−φtãt+1 + βEtV D

t+1

(
ãmt+1, δã

s
t+1

)]
,

so (2) implies

ŴD
t (at, ϕt) = ϕt + W̄D

t + max
ât∈R2

+

φtât

s.t. âmt + ptâ
s
t ≤ amt + pta

s
t .

Hence,

âmt (at)

 = amt + pta
s
t if 0 < ε∗t

∈ [0, amt + pta
s
t ] if 0 = ε∗t

= 0 if ε∗t < 0,

âst (at) = (1/pt) [amt + pta
s
t − âmt (at)] ,

and

(A2) ŴD
t (at, ϕt) = max (φmt , φ

s
t/pt) (amt + pta

s
t ) + ϕt + W̄D

t .

Also, notice that (4) implies

(A3) W I
t (at, ϕt) = φtat − ϕt + W̄ I

t ,

where

W̄ I
t ≡ Tt + max

ãt+1∈R2
+

[
− φtãt+1(A4)

+ βEt
∫
V I
t+1

[
ãmt+1, δã

s
t+1 + (1− δ)As, ε

]
dG(ε)

]
.

With (A2) and (A3), (1) can be written as

max
amt ,ϕt

[
(ε∗t − ε) (amt − amit )

1

pt
yt − ϕt

]θ
ϕ1−θ
t
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s.t. 0 ≤ ϕt ≤ (ε∗t − ε) (amt − amit )
1

pt
yt

with ast = asit + (1/pt) (amit − amt ). Hence,

amt (ait, ε)

 = amit + pta
s
it if ε < ε∗t

∈ [0, amit + pta
s
it] if ε = ε∗t

= 0 if ε∗t < ε,

ast (ait, ε) = asit + (1/pt) [amit − amt (ait, ε)] ,

and

ϕt (ait, ε) = (1− θ) (ε− ε∗t )
[
I{ε∗t<ε}

1

pt
amit − I{ε<ε∗t }a

s
it

]
yt.

This concludes the proof.

LEMMA 1: Let
(
ãmdt+1, ã

s
dt+1

)
and

(
ãmit+1, ã

s
it+1

)
denote the portfolios chosen by

a dealer and an investor, respectively, in the second subperiod of period t. These
portfolios must satisfy the following first-order necessary and sufficient conditions:

φmt ≥ βEt max
(
φmt+1, φ

s
t+1/pt+1

)
, with “ = ” if ãmdt+1 > 0

(A5)

φst ≥ βδEt max
(
pt+1φ

m
t+1, φ

s
t+1

)
, with “ = ” if ãsdt+1 > 0

(A6)

φmt ≥ βEt

[
φmt+1 + αθ

∫ εH

ε∗t+1

(
ε− ε∗t+1

)
yt+1dG(ε)

1

pt+1

]
, with “ = ” if ãmit+1 > 0

(A7)

φst ≥ βδEt

[
ε̄yt+1 + φst+1 + αθ

∫ ε∗t+1

εL

(
ε∗t+1 − ε

)
yt+1dG(ε)

]
, with “ = ” if ãsit+1 > 0.

(A8)

PROOF OF LEMMA :

With Lemma 1, we can write V I
t (at, ε) as

V I
t (at, ε) =

[
αθ (ε− ε∗t ) I{ε∗t<ε}

1

pt
yt + φmt

]
amt(A9)

+
{[
ε+ αθ (ε∗t − ε) I{ε<ε∗t }

]
yt + φst

}
ast + W̄ I

t

and V D
t (at) as

V D
t (at) = α

∫
t
ϕ (ait, ε) dHIt (ait, ε) + max (φmt , φ

s
t/pt) (amt + pta

s
t ) + W̄D

t .
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Since ε is i.i.d. over time, the portfolio that each investor chooses to carry
into period t + 1 is independent of ε. Therefore, we can write dHIt (at, ε) =
dFIt (at) dG (ε), where FIt is the joint cumulative distribution function of in-
vestors’ money and equity holdings at the beginning of the OTC round of period
t. Thus,

(A10) V D
t (at) = max (φmt , φ

s
t/pt) (amt + pta

s
t ) + V D

t (0) ,

where

V D
t (0) = α (1− θ)

∫
(ε− ε∗t )

[
I{ε∗t<ε}

1

pt
AmIt − I{ε<ε∗t }A

s
It

]
dG (ε) yt + W̄D

t .

From (A10) we have

V D
t+1

(
ãmt+1, δã

s
t+1

)
= max

(
φmt+1, φ

s
t+1/pt+1

) (
ãmt+1 + pt+1δã

s
t+1

)
+ V D

t+1 (0) ,

and from (A9) we have∫
V I
t+1

[
ãmt+1, δã

s
t+1 + (1− δ)As, ε

]
dG (ε)

=

[
αθ

∫ εH

ε∗t+1

(
ε− ε∗t+1

)
dG(ε)

1

pt+1
yt+1 + φmt+1

]
ãmt+1

+ δ

{[
ε̄+

∫ ε∗t+1

εL

αθ
(
ε∗t+1 − ε

)
dG(ε)

]
yt+1 + φst+1

}
ãst+1 + ζt+1,

where ζt+1 ≡
{[
ε̄+ αθ

∫ (
ε∗t+1 − ε

)
I{ε<ε∗t+1}dG (ε)

]
yt+1 + φst+1

}
(1− δ)As+W̄ I

t+1.

Thus, the necessary and sufficient first-order conditions corresponding to the max-
imization problems in (A1) and (A4) are as in the statement of the lemma.

A2. Market clearing in the OTC market

LEMMA 2: In period t, the interdealer market-clearing condition for equity is

(A11) {α [1−G (ε∗t )]A
m
It + χ (ε∗t , 0)AmDt}

1

pt
= αG (ε∗t )A

s
It + [1− χ (ε∗t , 0)]AsDt.

PROOF OF LEMMA :

Recall ĀsDt =
∫
âst (at) dFDt (at), so from Lemma 1, we have

ĀsDt = χ (ε∗t , 0) (AsDt +AmDt/pt) .
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Similarly, ĀsIt = α
∫
ast (at, ε)dHIt(at, ε), so from Lemma 1, we have

ĀsIt = α [1−G (ε∗t )] (AsIt +AmIt/pt) .

With these expressions, the market-clearing condition for equity in the dealer
market of period t, i.e., ĀsDt + ĀsIt = AsDt + αAsIt, can be written as in the
statement of the lemma.

A3. Equilibrium characterization

COROLLARY 1: A sequence of prices, {1/pt, φmt , φst}∞t=0, together with bilateral
terms of trade in the OTC market, {āt, ϕt}∞t=0, dealer portfolios,

{〈âdt, ãdt+1,adt+1〉d∈D}
∞
t=0,

and investor portfolios, {〈ãit+1,ait+1〉i∈I}∞t=0, constitute an equilibrium if and
only if they satisfy the following conditions for all t:

(i) Intermediation fee and optimal post-trade portfolios in OTC market

ϕt (at, ε) = (1− θ) (ε− ε∗t )
[
χ (ε∗t , ε)

1

pt
amt − [1− χ (ε∗t , ε)] a

s
t

]
yt

amt (at, ε) = [1− χ (ε∗t , ε)] (amt + pta
s
t )

ast (at, ε) = χ (ε∗t , ε) (1/pt) (amt + pta
s
t )

ât (at) = at (at, 0) .

(ii) Interdealer market clearing

{α [1−G (ε∗)]AmIt + χ (ε∗t , 0)AmDt}
1

pt
= αG (ε∗)AsIt + [1− χ (ε∗t , 0)]AsDt,

where Amjt ≡
∫
amt dFjt (at) and Asjt ≡

∫
astdFjt (at) for j ∈ {D, I}.

(iii) Optimal end-of-period portfolios:

φmt ≥ βEt max
(
φmt+1, φ

s
t+1/pt+1

)
φst ≥ βδEt max

(
pt+1φ

m
t+1, φ

s
t+1

)
φmt ≥ βEt

[
φmt+1 + αθ

∫ εH

ε∗t+1

(
ε− ε∗t+1

)
dG(ε)

1

pt+1
yt+1

]

φst ≥ βδEt

[
ε̄yt+1 + φst+1 + αθ

∫ ε∗t+1

εL

(
ε∗t+1 − ε

)
yt+1dG(ε)

]
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with [
φmt − βEt max

(
φmt+1, φ

s
t+1/pt+1

)]
ãmdt+1 = 0[

φst − βδEt max
(
pt+1φ

m
t+1, φ

s
t+1

)]
ãsdt+1 = 0{

φmt − βEt

[
φmt+1 + αθ

∫ εH

ε∗t+1

(
ε− ε∗t+1

)
dG(ε)

1

pt+1
yt+1

]}
ãmit+1 = 0{

φst − βδEt

[
ε̄yt+1 + φst+1 + αθ

∫ ε∗t+1

εL

(
ε∗t+1 − ε

)
yt+1dG(ε)

]}
ãsit+1 = 0

for all d ∈ D and all i ∈ I, and

amjt+1 = ãmjt+1

asjt+1 = δãsjt+1 + I{j∈I} (1− δ)As

ãkjt+1 ∈ R+ for k ∈ {s,m}

for all j ∈ D ∪ I.
(iv) End-of-period market clearing

ÃsDt+1 + ÃsIt+1 = As

ÃmDt+1 + ÃmIt+1 = Amt+1,

where ÃkDt+1 ≡
∫
D ã

k
xt+1dx and ÃkIt+1 ≡

∫
I ã

k
xt+1dx for k ∈ {s,m}.

PROOF OF COROLLARY 1:
Follows immediately from Definition 1 together with Lemma 1, Lemma 1, and

Lemma 2.

LEMMA 3: Consider µ̂ and µ̄ as defined in (5). Then µ̂ < µ̄.

PROOF OF LEMMA 3:
Define Υ (ζ) : R → R by Υ (ζ) ≡ β̄

[
1 + αθ(1− β̄δ)ζ

]
. Let ζ̂ ≡ (1−αθ)(ε̂−ε̄)

αθε̂ and

ζ̄ ≡ ε̄−εL
β̄δε̄+(1−β̄δ)εL

, so that µ̂ = Υ(ζ̂) and µ̄ = Υ(ζ̄). Since Υ is strictly increasing,

µ̂ < µ̄ if and only if ζ̂ < ζ̄. With (6) and the fact that ε̄ ≡
∫ εH
εL

εdG (ε) =

εH −
∫ εH
εL

G (ε) dε,

ζ̂ =

∫ εH
ε̂ [1−G (ε)] dε

ε̄+ αθ
∫ ε̂
εL
G (ε) dε

,

so clearly,

ζ̂ <

∫ εH
εL

[1−G (ε)] dε

ε̄
=
ε̄− εL
ε̄

< ζ̄.

Hence, µ̂ < µ̄.
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PROOF OF PROPOSITION 1:

In an equilibrium with no money (or no valued money), there is no trade in the
OTC market. From Lemma 1, the first-order conditions for a dealer d ∈ D and
an investor i ∈ I in the time t Walrasian market are

φst ≥ βδEtφst+1, “ = ” if ãst+1d > 0

φst ≥ βδEt
(
ε̄yt+1 + φst+1

)
, “ = ” if ãst+1i > 0.

In a recursive equilibrium, Et(φst+1/φ
s
t ) = γ̄, and βδγ̄ < 1 is a maintained as-

sumption, so no dealer holds equity. The Walrasian market for equity can only

clear if φs = β̄δ
1−β̄δ ε̄. This establishes parts (i) and (iii) in the statement of the

proposition.

Next, we turn to monetary equilibria. In a recursive equilibrium, the Euler
equations (A5)-(A8) become

µ ≥ β̄, “ = ” if ãmdt+1 > 0(A12)

φs ≥ β̄δφ̄s, “ = ” if ãsdt+1 > 0(A13)

1 ≥ β̄

µ

[
1 +

αθ

ε∗ + φs

∫ εH

ε∗
(ε− ε∗) dG(ε)

]
, “ = ” if ãmit+1 > 0(A14)

φs ≥ β̄δ

1− β̄δ

[
ε̄+ αθ

∫ ε∗

εL

(ε∗ − ε) dG(ε)

]
, “ = ” if ãsit+1 > 0.(A15)

(We have used the fact that, as will become clear below, φ̄s ≡ ε∗ + φs ≥ εL +
φs > φs in any equilibrium.) Under our maintained assumption β̄ < µ, (A12)
implies ãmdt+1 = ZD = 0, so (A14) must hold with equality for some investor in a
monetary equilibrium. Thus, in order to find a monetary equilibrium, there are
three possible equilibrium configurations to consider depending on the binding
patterns of the complementary slackness conditions associated with (A13) and
(A15). The interdealer market-clearing condition, ĀsDt + ĀsIt = AsDt +αAsIt, must
hold for all three configurations. Lemma 2 shows that this condition is equivalent
to (A11) and in a recursive equilibrium (A11) reduces to

Z =
ε∗ + φs

α [1−G (ε∗)]
{αG (ε∗)AsI + [1− χ (ε∗, 0)]AsD} .

This condition in turn reduces to (12) if, as shown below, the equilibrium has
0 < ε∗. The rest of the proof proceeds in three steps.

Step 1: Try to construct a recursive monetary equilibrium with ãsdt+1 = 0 for
all d ∈ D and ãsit+1 > 0 for some i ∈ I. The equilibrium conditions for this case
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are (12) together with

φs > β̄δφ̄s(A16)

1 =
β̄

µ

[
1 +

αθ

ε∗ + φs

∫ εH

ε∗
(ε− ε∗) dG(ε)

]
(A17)

φs =
β̄δ

1− β̄δ

[
ε̄+ αθ

∫ ε∗

εL

(ε∗ − ε) dG(ε)

]
(A18)

and

ãmdt+1 = 0 for all d ∈ D(A19)

ãmit+1 ≥ 0, with “ > ” for some i ∈ I(A20)

ãsdt+1 = 0 for all d ∈ D(A21)

ãsit+1 ≥ 0, with “ > ” for some i ∈ I.(A22)

Conditions (A17) and (A18) are to be solved for the two unknowns ε∗ and φs.
Substitute (A18) into (A17) to obtain

(A23) 1 =
β̄

µ

1 + αθ

∫ εH
ε∗ (ε− ε∗) dG(ε)

ε∗ + β̄δ
1−β̄δ

[
ε̄+ αθ

∫ ε∗
εL

(ε∗ − ε) dG(ε)
]
 ,

which is a single equation in ε∗. Define

(A24) T (x) ≡
∫ εH
x (ε− x) dG(ε)

1
1−β̄δx+ β̄δ

1−β̄δ T̂ (x)
− µ− β̄

β̄αθ

with

(A25) T̂ (x) ≡ ε̄− x+ αθ

∫ x

εL

(x− ε) dG(ε),

and notice that ε∗ solves (A23) if and only if it satisfies T (ε∗) = 0. T is a
continuous real-valued function on [εL, εH ], with

T (εL) =
ε̄− εL

εL + β̄δ
1−β̄δ ε̄

− µ− β̄
β̄αθ

,

T (εH) = −µ− β̄
β̄αθ

< 0,
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and

T ′ (x) = −
[1−G(x)]

{
x+ β̄δ

1−β̄δ

[
ε̄+αθ

∫ x
εL
G(ε)dε

]}
+[
∫ εH
x [1−G(ε)]dε]

{
1+ β̄δ

1−β̄δαθG(x)
}

{
x+ β̄δ

1−β̄δ

[
ε̄+αθ

∫ x
εL
G(ε)dε

]}2 < 0.

Hence, if T (εL) > 0, or equivalently, if µ < µ̄ (with µ̄ is as defined in (5)), then
there exists a unique ε∗ ∈ (εL, εH) that satisfies T (ε∗) = 0 (and ε∗ ↓ εL as µ ↑ µ̄).
Once we know ε∗, φs is given by (A18). Given ε∗ and φs, the values of Z, φ̄s, φmt ,
and pt are obtained using (12) (with AsI = As and AsD = 0), (9), (10), and (11).
To conclude this step, notice that for this case to be an equilibrium, (A16) must

hold, or equivalently, using φ̄s = ε∗ + φs and (A18), it must be that T̂ (ε∗) > 0,

where T̂ is the continuous function on [εL, εH ] defined in (A25). Notice that

T̂ ′ (x) = − [1− αθG (x)] < 0, and T̂ (εH) = − (1− αθ) (εH − ε̄) < 0 < ε̄ − εL =

T̂ (εL), so there exists a unique ε̂ ∈ (εL, εH) such that T̂ (ε̂) = 0. (Since T̂ (ε̄) > 0,

and T̂ ′ < 0, it follows that ε̄ < ε̂.) Then T̂ ′ (x) < 0 implies T̂ (ε∗) ≥ 0 if and only
if ε∗ ≤ ε̂, with “=” for ε∗ = ε̂. With (A24), we know that ε∗ < ε̂ if and only if
T (ε̂) < 0 = T (ε∗), i.e., if and only if

β̄

[
1 +

(
1− β̄δ

)
αθ
∫ εH
ε̂ (ε− ε̂) dG(ε)

ε̂

]
< µ.

Since T̂ (ε̂) = − (1− αθ) (ε̂− ε̄) + αθ
∫ εH
ε̂ (ε− ε̂) dG(ε) = 0, this last condition is

equivalent to µ̂ < µ, where µ̂ is as defined in (5). The allocations and asset prices
described in this step correspond to those in the statement of the proposition for
µ ∈ (µ̂, µ̄).

Step 2: Try to construct a recursive monetary equilibrium with asdt+1 > 0 for
some d ∈ D and asit+1 = 0 for all i ∈ I. The equilibrium conditions are (12),
(A17), (A19), and (A20), together with

φs = β̄δφ̄s(A26)

φs >
β̄δ

1− β̄δ

[
ε̄+ αθ

∫ ε∗

εL

(ε∗ − ε) dG(ε)

]
, “ = ” if ãsit+1 > 0.(A27)

ãsdt+1 ≥ 0, with “ > ” for some d ∈ D(A28)

ãsit+1 = 0, for all i ∈ I.(A29)

The conditions (A17) and (A26) are to be solved for ε∗ and φs. First use φ̄s =
ε∗ + φs in (A26) to obtain

(A30) φs =
β̄δ

1− β̄δ
ε∗.
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Substitute (A30) in (A17) to obtain

(A31) 1 =
β̄

µ

[
1 +

αθ
(
1− β̄δ

) ∫ εH
ε∗ (ε− ε∗) dG(ε)

ε∗

]
,

which is a single equation in ε∗. Define

(A32) R (x) ≡
(
1− β̄δ

) ∫ εH
x (ε− x) dG(ε)

x
− µ− β̄

β̄αθ

and notice that ε∗ solves (A31) if and only if it satisfies R (ε∗) = 0. R is a
continuous real-valued function on [εL, εH ], with

R (εL) =

(
1− β̄δ

)
(ε̄− εL)

εL
− µ− β̄

β̄αθ

R (εH) = −µ− β̄
β̄αθ

and

R′ (x) = −
[1−G (x)]x+

∫ εH
x [1−G (ε)] dε

1
1−β̄δx

2
< 0.

Hence, if R (εL) > 0, or equivalently, if

µ < β̄

[
1 +

αθ
(
1− β̄δ

)
(ε̄− εL)

εL

]
≡ µo,

then there exists a unique ε∗ ∈ (εL, εH) that satisfies R (ε∗) = 0 (and ε∗ ↓ εL as
µ ↑ µo). Having solved for ε∗, φs is obtained from (A30). Given ε∗ and φs, the
values of Z, φ̄s, φmt , and pt are obtained using (12) (with AsD = As −AsI = δAs),
(9), (10), and (11). Notice that for this case to be an equilibrium (A27) must hold,

or equivalently, using (A30), it must be that T̂ (ε∗) < 0, which in turn is equivalent
to ε̂ < ε∗. With (A32), we know that ε̂ < ε∗ if and only if R (ε∗) = 0 < R (ε̂),
i.e., if and only if

µ < β̄

[
1 +

αθ
(
1− β̄δ

) ∫ εH
ε̂ (ε− ε̂) dG(ε)

ε̂

]
,

which using T̂ (ε̂) = 0 can be written as µ < µ̂. To summarize, the prices and
allocations constructed in this step constitute a recursive monetary equilibrium
provided µ ∈ (β̄,min (µ̂, µo)). To conclude this step, we show that µ̂ < µ̄ <
µo, which together with the previous step will mean that there is no recursive
monetary equilibrium for µ ≥ µ̄ (thus establishing part (ii) in the statement of
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the proposition). It is clear that µ̄ < µo, and we know that µ̂ < µ̄ from Lemma
3. Therefore, the allocations and asset prices described in this step correspond to
those in the statement of the proposition for the case with µ ∈ (β̄,min (µ̂, µo)) =
(β̄, µ̂).

Step 3: Try to construct a recursive monetary equilibrium with ãsdt+1 > 0 for
some d ∈ D and ãsit+1 > 0 for some i ∈ I. The equilibrium conditions are (12),
(A17), (A18), (A19), (A20), and (A26) with

ãsit+1 ≥ 0 and ãsdt+1 ≥ 0, with “ > ” for some i ∈ I or some d ∈ I.

Notice that ε∗ and φs are obtained as in Step 2. Now, however, (A18) must also

hold, which together with (A30) implies we must have T̂ (ε∗) = 0, or equivalently,

ε∗ = ε̂. In other words, this condition requires R (ε̂) = T̂ (ε̂), or equivalently, we
must have µ = µ̂. As before, the market-clearing condition (12) is used to obtain
Z, while (9), (10), and (11) imply φ̄s, φmt , and pt, respectively. The allocations
and asset prices described in this step correspond to those in the statement of the
proposition for the case with µ = µ̂.

Combined, Steps 1, 2, and 3 prove part (iv) in the statement of the proposition.
Part (v)(a) is immediate from (A18) and (A24), and part (v)(b) from (A30) and
(A32).

COROLLARY 2: The marginal valuation, ε∗, characterized in Proposition 1 is
strictly decreasing in the rate of inflation, i.e., ∂ε∗

∂µ < 0 both for µ ∈ (β̄, µ̂) and

for µ ∈ (µ̂, µ̄).

PROOF OF COROLLARY 2:

For µ ∈
(
β̄, µ̂

)
, implicitly differentiate R (ε∗) = 0 (with R given by (A32)),

and for µ ∈ (µ̂, µ̄), implicitly differentiate T (ε∗) = 0 (with T given by (A24)) to
obtain

∂ε∗

∂µ
=


− ε∗

β̄αθ(1−β̄δ)[1−G(ε∗)]+µ−β̄ if β̄ < µ < µ̂

− β̄αθ
∫ εH
ε∗ [1−G(ε)]dε{

1+β̄αθ
[
δG(ε∗)
1−β̄δ +

1−G(ε∗)
µ−β̄

]}
(µ−β̄)

2 if µ̂ < µ < µ̄.

Clearly, ∂ε∗/∂µ < 0 for µ ∈ (β̄, µ̂) and for µ ∈ (µ̂, µ̄).

A4. Positive implications: asset prices

Monetary policy

PROOF OF PROPOSITION 2:

Recall that ∂ε∗/∂µ < 0 (Corollary 2). (i) From (8),

∂φs

∂µ
=

β̄δ

1− β̄δ

[
I{β̄<µ≤µ̂} + I{µ̂<µ<µ̄}αθG (ε∗)

] ∂ε∗
∂µ

< 0.
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(ii) Condition (9) implies ∂φ̄s/∂µ = ∂ε∗/∂µ + ∂φs/∂µ < 0. (iii) From (12)
it is clear that ∂Z/∂ε∗ > 0, so ∂Z/∂µ = (∂Z/∂ε∗)(∂ε∗/∂µ) < 0. From (10),
∂φmt /∂µ = (yt/A

m
t ) ∂Z/∂µ < 0.

For Proposition 3 we consider a formulation of the model where the length
of the time period becomes arbitrarily short. This limiting economy can be in-
terpreted as an approximation to a continuous-time version of our discrete-time
economy.1 To this end, generalize the baseline discrete-time model by allowing
the period length to be an arbitrary constant, and then take the limit as this
constant becomes arbitrarily small. Let ∆ denote the length of the model period,
and define the discount rate, r, the expected dividend growth rate, g, the depre-
ciation rate, d, and the money growth rate, m, as β ≡ (1 + r∆)−1, γ̄ ≡ 1 + g∆,
δ ≡ 1−d∆, µ ≡ 1+m∆. Over a time period of length ∆, the dividend is yt∆, and
consumption of the dividend good is εyt∆. In this context we focus on recursive
equilibria where, as ∆ → 0, real asset prices are time-invariant linear functions
of the dividend rate, yt. Specifically, let Φs

t (∆) and Φm
t (∆)Amt denote the real

equity price and the real aggregate money balance, respectively, in the discrete-
time economy with time periods of length ∆. We look for recursive equilibria of
this discrete-time economy such that Φs

t (∆) = Φs (∆) yt∆, Φ̄s
t (∆) = Φ̄s (∆) yt∆,

and Φm
t (∆)Amt = Z (∆) yt∆, where Φs (∆), Φ̄s (∆), and Z(∆) are time-invariant

functions with the property that lim∆→0 Φs (∆) ∆ = φs, lim∆→0 Φ̄s (∆) ∆ = φ̄s,
and lim∆→0 Z (∆) ∆ = Z, with φs, Z ∈ R.2 The thresholds in (5) now generalize
to µ̂ = 1 + m̂∆ and µ̄ = 1 + m̄∆, where

m̂ ≡ (1− αθ) (ε̂− ε̄) (r − g + d)

ε̂
− (r − g)

m̄ ≡ αθ (ε̄− εL) (r − g + d)

ε̄
− (r − g) .

Also, if we relabel µ ≡ β̄, we now have µ = 1 + m∆, where m ≡ g − r. Then
from part (ii) of Proposition 1, we know that a stationary monetary equilibrium
exists if m ∈ [m, m̄). Notice that m̄ < d, so m < d in any monetary equilibrium.

1This formulation is useful since the model period in our quantitative implementation of the theory
is very short (a trading day).

2The discrete-time formulation we laid out previously, corresponds to a special case of this formulation
with ∆ = 1, Φst (1) ≡ φst , Φmt (1) ≡ φmt , Φs (1) ≡ φs, and Z(1) ≡ Z.
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The monetary equilibrium, i.e., (8), (9), (10), (12), and (13), generalize to

Φs
t (∆) = Φs (∆) yt∆

Φs (∆) =


(1+g∆)(1−d∆)

1+r∆−(1+g∆)(1−d∆)ε
∗ if m < m ≤ m̂

(1+g∆)(1−d∆)
1+r∆−(1+g∆)(1−d∆)

[
ε̄+ αθ

∫ ε∗
εL

(ε∗ − ε) dG(ε)
]

if m̂ < m < m̄

Φ̄s
t (∆) = Φ̄s (∆) yt∆, with Φ̄s (∆) = ε∗ + Φs (∆)

Φm
t (∆) =

Z (∆) yt∆

Amt

Z (∆) yt∆ =
αG (ε∗)AsI +AsD
α [1−G (ε∗)]

[ε∗yt∆ + Φs
t (∆)]

and ∫ εH
ε∗ (ε−ε∗)dG(ε)

ε∗+ (1+g∆)(1−d∆)
1+r∆

[
ε̄−ε∗+αθ

∫ ε∗
εL

(ε∗−ε)dG(ε)
]
I{m̂<m}

− [(1+m∆)(1+r∆)−(1+g∆)](1+r∆)
[1+r∆−(1+g∆)(1−d∆)](1+g∆)

1

αθ
= 0.

As ∆→ 0, these conditions become

φst = φsyt(A33)

φ̄st = φst(A34)

φmt =
Z

Amt
yt(A35)

Z =
αG (ε∗)AsI +AsD
α [1−G (ε∗)]

φs(A36)

0 =
αθ
∫ εH
ε∗ (ε− ε∗) dG(ε)

ε∗ +
[
ε̄− ε∗ + αθ

∫ ε∗
εL

(ε∗ − ε) dG(ε)
]
I{m̂<m}

− r − g +m

r − g + d
,(A37)

where φst ≡ lim∆→0 Φs
t (∆), φ̄st ≡ lim∆→0 Φ̄s

t (∆), φmt ≡ lim∆→0 Φm
t (∆), and

φs =

{ 1
r−g+dε

∗ if m < m ≤ m̂
1

r−g+d

[
ε̄+ αθ

∫ ε∗
εL

(ε∗ − ε) dG(ε)
]

if m̂ < m < m̄.

COROLLARY 3: In any monetary equilibrium of the continuous-time economy,
∂ε∗/∂r < 0.

PROOF OF COROLLARY 3:

From (A37), it is clear that ∂ε∗/∂m < 0, and

∂ε∗

∂r
=

d−m
r − g + d

∂ε∗

∂m
.
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In any monetary equilibrium, m < m̄ < d, so ∂ε∗/∂r < 0 in any monetary
equilibrium.

PROOF OF PROPOSITION 3:
(i) From (A33),

∂φs

∂r
=

1

r − g + d

{
−φs +

[
I{m<m≤m̂} + I{m̂<m<m̄}αθG (ε∗)

] ∂ε∗
∂r

}
< 0,

where the inequality follows from Corollary 3. (ii) From (A36) it is clear that
∂Z/∂ε∗ > 0, so ∂Z/∂r = (∂Z/∂ε∗)(∂ε∗/∂r) < 0. From (A35), ∂φmt /∂r =
(yt/A

m
t ) ∂Z/∂r < 0.

OTC frictions: trading delays and market power

PROOF OF PROPOSITION 4:
From condition (13),

(A38)
∂ε∗

∂ (αθ)
=

µ−β̄
αθ

[ε∗+β̄δ(ε̄−ε∗)I{µ̂<µ}]
β̄αθ(1−β̄δ)[1−G(ε∗)]+(µ−β̄){1+β̄δ[αθG(ε∗)−1]I{µ̂<µ}} > 0.

(i) From (8),

∂φs

∂ (αθ)
=


β̄δ

1−β̄δ
∂ε∗

∂(αθ) > 0 if β̄ < µ ≤ µ̂
β̄δ

1−β̄δ

[∫ ε∗
εL
G (ε) dε+ αθG (ε∗) ∂ε∗

∂(αθ)

]
> 0 if µ̂ < µ < µ̄.

(ii) From (9), ∂φ̄s/∂ (αθ) = ∂ε∗/∂ (αθ)+∂φs/∂ (αθ) > 0. (iii) For µ ∈ (µ̂, µ̄), (12)
implies ∂Z/∂α = (∂Z/∂ε∗) (∂ε∗/∂α) > 0, so ∂φmt /∂α = (∂Z/∂α) (yt/A

m
t ) > 0.

A5. Positive implications: financial liquidity

In this section, we use the theory to study the determinants of standard mea-
sures of market liquidity: liquidity provision by dealers, trade volume, and bid-ask
spreads.

Liquidity provision by dealers

Broker-dealers in financial markets provide liquidity (immediacy) to investors
by finding them counterparties for trade, or by trading with them out of their
own account, effectively becoming their counterparty. The following result char-
acterizes the effect of inflation on dealers’ provision of liquidity by accumulating
assets.

PROPOSITION 1: In the recursive monetary equilibrium: (i) dealers’ provision
of liquidity by accumulating assets, i.e., AsD, is nonincreasing in the inflation rate.
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(ii) For any µ close to β̄, dealers’ provision of liquidity by accumulating assets is
nonmonotonic in αθ, i.e., AsD = 0 for αθ close to 0 and close to 1, but AsD > 0
for intermediate values of αθ.

PROOF:
(i) The result is immediate from the expression for AsD in Proposition 1. (ii)

From (5) and (6),

∂µ̂

∂ (αθ)
= β̄

(
1− β̄δ

){ (1− αθ) ε̄
[1− αθG (ε̂)] ε̂2

∫ ε̂

εL

G (ε) dε− ε̂− ε̄
ε̂

}
.

Notice that ∂µ̂/∂ (αθ) approaches a positive value as αθ → 0 and a negative
value as αθ → 1. Also, µ̂ → β̄ both when αθ → 0 and when αθ → 1. Hence,
µ > β̄ = limαθ→0 µ̂ = limαθ→1 µ̂ for a range of values of αθ close to 0 and a range
of values of αθ close to 1. For those ranges of values of αθ, AsD = 0. In between
those ranges there must exist values of αθ such that µ < µ̂, which implies AsD > 0.

Part (i) of Proposition 1 is related to the discussion that followed Proposition 1.
The expected return from holding equity is larger for investors than for dealers
with high inflation (µ > µ̂) because in that case the expected resale value of
equity in the OTC market is relatively low and dealers only buy equity to resell
in the OTC market, while investors also buy it with the expectation of getting
utility from the dividend flow. For low inflation (µ < µ̂), dealers value equity
more than investors because the OTC resale value is high and they have a higher
probability of making capital gains from reselling than investors, and this trading
advantage more than compensates for the fact that investors enjoy the additional
utility from the dividend flow. Part (ii) of Proposition 1 states that given a low
enough rate of inflation, dealers’ incentive to hold equity inventories overnight is
nonmonotonic in the degree of OTC frictions as measured by αθ. In particular,
dealers will not hold inventories if αθ is either very small or very large. If αθ is
close to zero, few investors contact the dealer market, and this makes the equity
price in the OTC market very low, which in turn implies too small a capital gain
to induce dealers to hold equity overnight. Conversely, if αθ is close to one, a
dealer has no trading advantage over an investor in the OTC market and since the
investor gets utility from the dividend while the dealer does not, the willingness
to pay for the asset in the centralized market is higher for the investor than for the
dealer, and therefore it is investors and not dealers who carry the asset overnight
into the OTC market.

Trade volume

PROOF OF PROPOSITION 5:
(i) Differentiate (15) to get

∂V
∂µ

= 2αG′ (ε∗) (As − δÃsD)
∂ε∗

∂µ
< 0,
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where the inequality follows from Corollary 2. (ii) Differentiate (15) to get

∂V
∂r

= 2αG′ (ε∗) (As − δÃsD)
∂ε∗

∂r
< 0,

where the inequality follows from Corollary 3. (iii) From (15),

∂V
∂θ

= 2αG′ (ε∗) (As − δÃsD)
∂ε∗

∂θ
∂V
∂α

= 2

[
G (ε∗) + αG′ (ε∗)

∂ε∗

∂α

]
(As − δÃsD),

and both are positive since ∂ε∗/∂ (αθ) > 0 (see (A38)).

Bid-ask spreads

Bid-ask spreads and intermediation fees are a popular measure of market liq-
uidity as they constitute the main out-of-pocket transaction cost that investors
bear in OTC markets. Lemma 1 shows that when dealers execute trades on
behalf of their investors, they charge a fee ϕt (at, ε) that is linear in the trade
size. This means that when an investor with ε > ε∗t wants to buy equity, the
dealer charges him an ask price, pat (ε) = ptφ

m
t + (1− θ) (ε− ε∗t ) yt per share.

When an investor with ε < ε∗t wants to sell, the dealer pays him a bid price,

pbt (ε) = ptφ
m
t − (1− θ) (ε∗t − ε) yt per share. Define Sat (ε) =

pat (ε)−ptφmt
ptφmt

and

Sbt (ε) =
ptφmt −pbt(ε)

ptφmt
, i.e., the ask spread and bid spread, respectively, expressed

as fractions of the price of the asset in the dealer market. Then in a recursive
equilibrium, the ask spread earned by a dealer when trading with an investor with

ε > ε∗ is Sa (ε) = (1−θ)(ε−ε∗)
ε∗+φs and the bid spread earned by a dealer when trading

with an investor with ε < ε∗ is Sb (ε) = (1−θ)(ε∗−ε)
ε∗+φs . The average real spread

earned by dealers is S̄ =
∫ [
Sa (ε) I{ε∗<ε} + Sb (ε) I{ε<ε∗}

]
dG (ε). The change S̄

in response to changes in µ or α is ambiguous in general.3

A6. Testable implications

PROOF OF PROPOSITION 6:
We start with the general model described in Section V.A, which nests the

model of Section I provided dealers do not hold asset inventories (the model of
Section V.A considers an environment where dealers cannot hold inventories).
The equilibrium conditions for the model of Section V.A for the case of no policy
uncertainty (as is the case in the model of Section I) are reported in Proposition

3The reason is that the spread Sa (ε) charged to buyers is decreasing in ε∗ while the spread Sb (ε)
charged to sellers may be increasing in ε∗. For example, if µ ∈

(
β̄, µ̂

)
, it is easy to show ∂Sa (ε) /∂ε∗ =

−∂Sb (ε) /∂ε∗ < 0.
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7 (Appendix C, Section C.C3). Even without policy uncertainty, the model of
Section V.A is more general than the model of Section I in that the former has
multiple assets indexed by s ∈ {1, 2, ..., N} that differ in terms of the trading
probability, αs. Consider the equilibrium conditions (C24) and (C25), that de-
termine φs and εs∗ for asset of type s. By following steps similar to those that
preceeded the proof of Proposition 3 in Section A.A4, in the continuous-time limit
of the discrete-time economy, conditions (C24) and (C25) become

φs =
1

r − g + d

[
ε̄+ αsθ

∫ εs∗

εL

(εs∗ − ε)dG(ε)

]
(A39)

0 =
αsθ

∫ εH
εs∗ (ε− εs∗) dG(ε)

ε̄+ αsθ
∫ εs∗
εL

(εs∗ − ε)dG(ε)
− r − g +m

r − g + d
.(A40)

Notice that (A39) and (A40), i.e., the equilibrium conditions that determine φs

and εs∗ for each asset s in the multiple-asset model are identical to the corre-
sponding conditions (A33) and (A37) for the continuous-time approximation to
the single-asset model of Section I (again, provided dealers are assumed to hold
no assets, e.g., as would be the case if they either cannot, or if they can, but
m̂ < m). For any x ∈ [εL, εH ], define

IB (x) ≡
∫ εH

x
(ε− x) dG(ε)

IS (x) ≡
∫ x

εL

(x− ε)dG(ε)

and notice that I ′B (x) = − [1−G (x)] and I ′S (x) = G (x), so a first-order Taylor
approximation around x0 ∈ (εL, εH) gives

IB (x) ≈ IB (x0)− [1−G (x0)] (x− x0)

IS (x) ≈ IS (x0) +G (x0) (x− x0) .

Let εs∗ ≡ εs∗ (r,m, αs) ∈ (εL, εH) denote the value of εs∗ that solves (A40) for
given (r,m, αs), and let εs∗0 ≡ εs∗ (r0,m0, α

s
0) ∈ (εL, εH) for some (r0,m0, α

s
0).

Use the Taylor approximation to get

(r − g + d)φs ≈ ε̄+ αsθ [IS (εs∗0 ) +G (εs∗0 ) (εs∗ − εs∗0 )](A41)

r − g +m

r − g + d
≈ IB (εs∗0 )− [1−G (εs∗0 )] (εs∗ − εs∗0 )

ε̄
αsθ + IS (εs∗0 ) +G (εs∗0 ) (εs∗ − εs∗0 )

.(A42)
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Condition (A42) implies

εs∗ (r,m, αs) ≈
IB (εs∗0 ) + [1−G (εs∗0 )] εs∗0 −

(
r−g+m
r−g+d

) [
ε̄
αsθ + IS (εs∗0 )−G (εs∗0 ) εs∗0

](
r−g+m
r−g+d

)
G (εs∗0 ) + [1−G (εs∗0 )]

and a first-order Taylor approximation gives

εs∗ (r,m, αs) ≈ εs∗0 +
∂εs∗ (r0,m0, α

s
0)

∂r
(r − r0)(A43)

+
∂εs∗ (r0,m0, α

s
0)

∂m
(m−m0)

+
∂εs∗ (r0,m0, α

s
0)

∂αs
(αs − αs0) ,

where

∂εs∗ (r,m, αs)

∂r
= − [ ε̄

αsθ
+IS(εs∗0 )][1−G(εs∗0 )]+IB(εs∗0 )G(εs∗0 ){(

r−g+m
r−g+d

)
G(εs∗0 )+[1−G(εs∗0 )]

}2

d−m
(r − g + d)2(A44)

∂εs∗(r,m,αs)
∂m = −G(εs∗0 )IB(εs∗0 )+[1−G(εs∗0 )][ ε̄

αsθ
+IS(εs∗0 )]

(r−g+d)
{(

r−g+m
r−g+d

)
G(εs∗0 )+[1−G(εs∗0 )]

}2(A45)

∂εs∗(r,m,αs)
∂αs =

(
r−g+m
r−g+d

)
ε̄

(αs)2θ(
r−g+m
r−g+d

)
G (εs∗0 ) + [1−G (εs∗0 )]

.(A46)

Conditions (A41) and (A43) imply

log φs ≈ − log (r − g + d)

+ log

{
ε̄+ αsθ

[
IS (εs∗0 ) +G (εs∗0 )

(
∂εs∗ (r0,m0, α

s
0)

∂r
(r − r0)

+
∂εs∗ (r0,m0, α

s
0)

∂m
(m−m0) +

∂εs∗ (r0,m0, α
s
0)

∂αs
(αs − αs0)

)]}
.

Without loss of generality, let m = m0; then

∂ log φs

∂r
= − 1

r − g + d

(A47)

+
αsθG (εs∗0 )

∂εs∗(r0,m0,αs0)
∂r

ε̄+ αsθ

[
IS (εs∗0 ) +G (εs∗0 )

(
∂εs∗(r0,m0,αs0)

∂r (r − r0) +
∂εs∗(r0,m0,αs0)

∂αs (αs − αs0)

)]
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and

∂2 log φs

∂αs∂r
=

(A48)

θG(εs∗0 )
[
ε̄−(αs)2θG(εs∗0 )

∂εs∗(r0,m0,α
s
0)

∂αs

]
∂εs∗(r0,m0,α

s
0)

∂r{
ε̄+αsθ

[
IS(εs∗0 )+G(εs∗0 )

(
∂εs∗(r0,m0,α

s
0)

∂r
(r−r0)+

∂εs∗(r0,m0,α
s
0)

∂αs (αs−αs0)

)]}2 .

From (A44), we see that in any monetary equilibrium, ∂εs∗ (r0,m0, α
s
0) /∂r < 0

(since m < m̄ < d, in any monetary equilibrium), so it is clear from (A47) that
∂ log φs/∂r < 0. This establishes part (ii) in the statement of the proposition.
By using (A46), we know that
(A49)

ε̄− (αs)2 θG (εs∗0 )
∂εs∗ (r0,m0, α

s
0)

∂αs
=

1−G (εs∗0 )(
r−g+m
r−g+d

)
G (εs∗0 ) + [1−G (εs∗0 )]

ε̄ > 0.

With this inequality and ∂εs∗ (r0,m0, α
s
0) /∂r < 0, it is clear from (A48) that

∂2 log φs/ (∂αs∂r) < 0. This establishes part (iv) in the statement of the propo-
sition.

Without loss of generality, let r = r0; then
(A50)

∂ log φs

∂m
=

αsθG(εs∗0 )
∂εs∗(r0,m0,α

s
0)

∂m

ε̄+αsθ

[
IS(εs∗0 )+G(εs∗0 )

(
∂εs∗(r0,m0,α

s
0)

∂m
(m−m0)+

∂εs∗(r0,m0,α
s
0)

∂αs (αs−αs0)

)]

and
(A51)

∂2 log φs

∂αs∂m
=

θG(εs∗0 )
[
ε̄−(αs)2θG(εs∗0 )

∂εs∗(r0,m0,α
s
0)

∂αs

]
∂εs∗(r0,m0,α

s
0)

∂m{
ε̄+αsθ

[
IS(εs∗0 )+G(εs∗0 )

(
∂εs∗(r0,m0,α

s
0)

∂m
(m−m0)+

∂εs∗(r0,m0,α
s
0)

∂αs (αs−αs0)

)]}2 .

In Section II, we defined 1 + π ≡ µ/γ̄ for our baseline model. In the general-
ized discrete-time formulation with period of length ∆, this definition generalizes
to 1 + π∆ ≡ 1+m∆

1+g∆ , which for ∆ small implies π ≈ m − g. Hence it is clear

that keeping g constant, ∂ log φs/∂m and ∂2 log φs/ (∂αs∂m) have the same sign
as ∂ log φs/∂π and ∂2 log φs/ (∂αs∂π), respectively. From (A45), we see that in
any monetary equilibrium, ∂εs∗ (r0,m0, α

s
0) /∂m < 0, so it is clear from (A50)

that ∂ log φs/∂m < 0. This establishes part (i) in the statement of the propo-
sition. With (A49) and ∂εs∗ (r0,m0, α

s
0) /∂m < 0, it is clear from (A51) that

∂2 log φs/ (∂αs∂m) < 0. This establishes part (iii) in the statement of the propo-
sition.
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A7. Speculative premium

According to Proposition 1, in a monetary equilibrium the equity price, φs,
is larger than the expected present discounted value that any agent assigns to
the dividend stream, i.e., φ̂st ≡

[
β̄δ/(1− β̄δ)

]
ε̄yt. We follow Harrison and Kreps

(1978) and call the equilibrium value of the asset in excess of the expected present

discounted value of the dividend, i.e., φst − φ̂st , the speculative premium that
investors are willing to pay in anticipation of the capital gains they will reap
when reselling the asset to investors with higher valuations in the future.4 Thus,
we say investors exhibit speculative behavior if the prospect of reselling a stock
makes them willing to pay more for it than they would if they were obliged to
hold it forever. Investors exhibit speculative behavior in the sense that they buy
with the expectation to resell, and naturally the asset price incorporates the value
of this option to resell.

The speculative premium in a monetary equilibrium is Pt = Pyt, where

P =

{
β̄δ

1−β̄δ (ε∗ − ε̄) if β̄ < µ ≤ µ̂
β̄δ

1−β̄δαθ
∫ ε∗
εL
G (ε) dε if µ̂ < µ < µ̄.

The speculative premium is nonnegative in any monetary equilibrium, i.e., Pt ≥ 0,
with “=” only if µ = µ̄. Since ∂ε∗/∂µ < 0 (see Corollary 2), it is immediate
that the speculative premium is decreasing in the rate of inflation. Intuitively,
anticipated inflation reduces the real money balances used to finance asset trading,
which limits the ability of high-valuation traders to purchase the asset from low-
valuation traders. As a result, the speculative premium is decreasing in µ. Since
∂ε∗/∂ (αθ) > 0 (see the proof of Proposition 4), the speculative premium is
increasing in α and θ. Intuitively, the speculative premium is the value of the
option to resell the equity to a higher valuation investor in the future, and the
value of this resale option to the investor increases with the probability α that
the investor gets a trading opportunity in an OTC trading round and with the
probability θ that he can capture the gains from trade in those trades. So in low-
inflation regimes, the model predicts large trade volume and a large speculative
premium. The following proposition summarizes these results.

4It is commonplace to define the fundamental value of the asset as the expected present discounted
value of the dividend stream and to call any transaction value in excess of this benchmark a bubble.
In fact, our notion of speculative premium corresponds to the notion of speculative bubble that is used
in the modern literature on bubbles. See, e.g., Barlevy (2007), Brunnermeier (2008), Scheinkman and
Xiong (2003b,a), Scheinkman (2013), and Xiong (2013), who discuss Harrison and Kreps (1978) in the
context of what is generally known as the resale option theory of bubbles. One could argue, of course,
that the relevant notion of “fundamental value” should be calculated through market aggregation of
diverse investor valuations and taking into account the monetary policy stance as well as all the details
of the market structure in which the asset is traded (such as the frequency of trading opportunities
and the degree of market power of financial intermediaries), which ultimately also factor into the asset
price in equilibrium. We adopt the terminology used by Harrison and Kreps (1978) to avoid semantic
controversies.
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PROPOSITION 2: In the recursive monetary equilibrium: (i) ∂P/∂µ < 0, (ii)
∂P/∂ (αθ) > 0.

PROOF OF PROPOSITION 2:
(i) For β̄ < µ ≤ µ̂, ∂P/∂µ =

[
β̄δ/(1− β̄δ)

]
(∂ε∗/∂µ) < 0, and for µ̂ <

µ < µ̄, ∂P/∂µ =
[
β̄δ/(1− β̄δ)

]
αθG (ε∗) (∂ε∗/∂µ) < 0. (ii) For β̄ < µ ≤ µ̂,

∂P/∂ (αθ) =
[
β̄δ/(1− β̄δ)

]
(∂ε∗/∂ (αθ)) > 0, and for µ̂ < µ < µ̄, ∂P/∂µ =[

β̄δ/(1− β̄δ)
]
{αθG (ε∗) [∂ε∗/∂ (αθ)] +

∫ ε∗
εL
G (ε) dε} > 0.

Together, Proposition 5 and Proposition 2 imply that changes in the trading
probability will generate a positive correlation between trade volume and the size
of the speculative premium. The same is true of changes in the bargaining power.5

PROPOSITION 3: Assume G (ε;σ) is a differentiable function of the parameter
σ that indexes a family of mean-preserving spreads, so that for any σ < σ′,
G (·;σ′) is a mean-preserving spread of G (·;σ). Then in the recursive monetary
equilibrium, ∂φs/∂σ > 0 and ∂φ̄s/∂σ > 0.

PROOF OF PROPOSITION 3:
From the definition of the mean-preserving spread, for any ∆ > 0,∫ x

εL

[G (ε;σ + ∆)−G (ε;σ)] dε ≥ 0 for all x ∈ (εL, εH) ,

with “=” if x ∈ {εL, εH}, and therefore

lim
∆→0

∫ x

εL

[G (ε;σ + ∆)−G (ε;σ)]

∆
dε =

∫ x

εL

Gσ (ε;σ) dε ≥ 0 for all x ∈ (εL, εH) ,

with “=” if x ∈ {εL, εH}, where Gσ (ε;σ) ≡ ∂Gσ (ε;σ) /∂σ. With this notation,
the equilibrium mapping (13) is

T (x;σ) =

1−β̄δ
1−β̄δI{µ̂<µ}

∫ εH
x [1−G (ε;σ)] dε

x+
β̄δI{µ̂<µ}

1−β̄δI{µ̂<µ}

[
ε̄+ αθ

∫ x
εL
G (ε;σ) dε

] − µ− β̄
β̄αθ

,

and the equilibrium ε∗ satisfies T (ε∗;σ) = 0. By implicitly differentiating this
condition, we get

∂ε∗

∂σ
= −

αθβ̄
1−β̄δI{µ̂<µ}

(
δI{µ̂<µ} − 1−β̄δ

µ−β̄

) ∫ ε∗
εL
Gσ (ε;σ) dε

1 + αθβ̄
1−β̄δI{µ̂<µ}

[
G (ε∗;σ) δI{µ̂<µ} + [1−G (ε∗;σ)] 1−β̄δ

µ−β̄

] .
5The positive correlation between trade volume and the size of the speculative premium is a feature

of historical episodes that are usually regarded as “bubbles”—a point emphasized by Scheinkman and
Xiong (2003b,a) and Scheinkman (2013).
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If µ ∈
(
β̄, µ̂

)
, then ∂ε∗/∂σ > 0 since

(
1− β̄δ

)
/
(
µ− β̄

)
−δI{µ̂<µ} =

(
1− δβ̄

)
/
(
µ− β̄

)
>

0. If µ ∈ (µ̂, µ̄), then ∂ε∗/∂σ > 0 since

δµ < δµ̄ = 1−
(
1− β̄δ

) β̄δ (1− αθ) ε̄+
[
1− β̄δ (1− αθ)

]
εL

β̄δε̄+
(
1− β̄δ

)
εL

< 1

implies−
[
δ −

(
1− β̄δ

)
/
(
µ− β̄

)]
= (1− δµ) /

(
µ− β̄

)
> 0. Given that ∂ε∗/∂σ >

0 for all µ ∈
(
β̄, µ̄

)
, (8) and (9) imply ∂φs/∂σ > 0 and ∂φ̄s/∂σ > 0, respectively.

The following proposition shows there is a certain equivalence between α and
G as fundamental determinants of trading activity.

PROPOSITION 4: Consider Economy A with contact probability α and distri-
bution of valuations G on [εL, εH ] and Economy B with contact probability α̃ and
distribution of valuations G̃ on [ε̃L, ε̃H ] (and all other primitives of Economy B
are as in Economy A). Let ε∗ and ε̃∗denote the equilibrium marginal valuation
for Economy A and Economy B, respectively. Then for any α̃ > α, there exists
a G̃ such that

ε̃∗ =
β̄δI{µ̂<µ}

(
1− α

α̃

)
1− β̄δ

(
1− I{µ̂<µ}

) ε̄+

[
1−

β̄δI{µ̂<µ}
(
1− α

α̃

)
1− β̄δ

(
1− I{µ̂<µ}

)] ε∗,
and moreover, trade volume in Economy B is the same as in Economy A.

PROOF OF PROPOSITION 4:
In Economy A the marginal investor valuation, ε∗, is characterized by (13),

while in Economy B the marginal investor valuation is the ε̃∗ that solves(
1− β̄δ

)
α̃θ
∫ ε̃H
ε̃∗ [1− G̃ (ε)]dε(

1− β̄δ
)
ε̃∗ + β̄δ

[∫ ε̃H
ε̃L

εdG̃ (ε) + α̃θ
∫ ε̃∗
ε̃L
G̃ (ε) dε

]
I{µ̂<µ}

− µ− β̄
β̄

= 0.

Define

(A52) G̃ (ε) =


0 for ε ≤ ε̃L
α
α̃G (ε− c) +

(
1− α

α̃

)
I{ε∗<ε−c} for ε̃L ≤ ε ≤ ε̃H

1 for ε̃H < ε

with ε̃L ≡ εL + c, ε̃H ≡ εH + c and

(A53) c ≡
β̄δI{µ̂<µ}

1− β̄δ
(
1− I{µ̂<µ}

) (1− α

α̃

)
(ε̄− ε∗) .

With (A52) and (A53), the equilibrium mapping for Economy B becomes

(1−β̄δ)α̃θ
∫ εH
ε̃∗−c[1−

α
α̃
G(z)−(1−α

α̃)I{ε∗<z}]dz

(1−β̄δ)(ε̃∗−c)+β̄δ
[
ε̄+α̃θ

∫ ε̃∗−c
εL
{αα̃G(z)+(1−α

α̃)I{ε∗<z}}dz
]
I{µ̂<µ}

− µ− β̄
β̄

= 0.
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If we replace ε̃∗ = ε∗+c in this last expression, it reduces to (13), a condition that
holds because ε∗ is the equilibrium marginal valuation for Economy A. Hence,
ε̃∗ = ε∗ + c with c given by (A53) is the equilibrium marginal valuation for
Economy B. Notice that α̃G̃ (ε̃∗) = α̃G̃ (ε∗ + c) = αG (ε∗), so (15) implies that
trade volume in Economy B is the same as in Economy A.
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Appendix B: Data, estimation, and simulation

B1. Heteroskedasticity-based estimator

In this section we explain the H-based estimator used in Section IV.B. Rigobon
and Sack (2004) show that the response of asset prices to changes in monetary
policy can be identified based on the increase in the variance of policy shocks that
occurs on days of FOMC announcements. They argue that this approach tends
to be more reliable than the event-study approach based on daily data because
identification relies on a weaker set of conditions.

The idea behind the heteroskedasticity-based estimator of Rigobon and Sack
(2004) is as follows. Suppose the change in the policy rate, ∆it, and Yt (where
Yt could be the stock market return, RIt , or the turnover rate, T It ) are jointly
determined by

∆it = κYt +$xt + εt(B1)

Yt = ρ∆it + xt + ηt,(B2)

where εt is a monetary policy shock and ηt is a shock to the asset price. To
fix ideas, suppose Yt = RIt . Then equation (B1) represents the monetary policy
reaction to asset returns and possibly other variables represented by xt. Equa-
tion (B2) represents the reaction of asset prices to the policy rate and xt. The
disturbances εt and ηt are assumed to have no serial correlation and to be un-
correlated with each other and with xt. We are interested in estimating the
parameter ρ. Let Σv denote the variance of some variable v. If (B1) and (B2)
were the true model and one were to run an OLS regression on an equation like
(19), there would be a simultaneity bias if κ 6= 0 and Ση > 0, and an omitted
variable bias if $ 6= 0 and Σx > 0. Conditions (B1) and (B2) can be solved for
∆it = 1

1−ρκ [εt + κηt + (κ+$)xt] and Yt = 1
1−ρκ [ρεt + ηt + (1 + ρ$)xt]. Divide

the data sample into two subsamples: one consisting of FOMC policy announce-
ment days and another consisting of the trading days immediately before the
policy announcement days. In what follows we refer to these subsamples as S1

and S0, respectively. Let Ωk denote the covariance matrix of ∆it and RIt for
t ∈ Sk, for k ∈ {0, 1}. Then

Ωk =
1

(1− ρκ)2

[
Ωk

11 Ωk
12

Ωk
21 Ωk

22

]
,

where Ωk
11 ≡ Σk

ε+κ
2Σk

η+(κ+$)2 Σk
x, Ωk

12 = Ωk
21 ≡ ρΣk

ε+κΣk
η+(κ+$) (1 + ρ$) Σk

x,

Ωk
22 ≡ ρ2Σk

ε + Σk
η + (1 + ρ$)2 Σk

x, and Σk
x denotes the variance of variable x in

subsample Sk, for k ∈ {0, 1}. Provided Σ1
x = Σ0

x and Σ1
η = Σ0

η,

Ω1 − Ω0 =
Σ1
ε − Σ0

ε

(1− ρκ)2

[
1 ρ
ρ ρ2

]
.
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Hence, if Σ1
ε−Σ0

ε > 0, then ρ can be identified from the difference in the covariance
matrices of the two subsamples. This suggests a natural way to estimate ρ.
Replace Ω1 and Ω0 with their sample estimates, denoted Ω̂1 and Ω̂0. Define
Ω̂ ≡ Ω̂1 − Ω̂0 and use Ω̂ij to denote the (i, j) element of Ω̂. Then ρ can be

estimated by Ω̂12/Ω̂11 ≡ ρ̂. Rigobon and Sack (2004) show that this estimate can
be obtained by regressing RIt on ∆it over the combined sample S0 ∪ S1 using a
standard instrumental variables regression.

The standard deviation of ∆it is 4.37 basis points (bps) in subsample S0 and
6.29 bps in subsample S1. The standard deviation of RIt is 86.10 bps in subsample
S0 and 92.96 bps in subsample S1. The correlation between ∆it and RIt is 0.057
in subsample S0 and −0.37 in subsample S1. Stock returns are more volatile
on the days of monetary policy announcements than on other days, which is
consistent with policy actions inducing some reaction in the stock market. The
relatively large negative correlation between the policy rate and stock returns for
announcement days contrasts with the much smaller and positive correlation for
non-announcement days, suggesting that the negative effect of surprise increases
in the nominal rate on stock prices that has been documented in the empirical
literature (e.g., Bernanke and Kuttner (2005), Rigobon and Sack (2004)).

B2. High-frequency IV estimator

In this section we consider a version of the event-study estimator that, instead
of daily changes in the interest rate, uses intraday high-frequency tick-by-tick
interest rate data to isolate the change in the interest rate that takes place over
a narrow window around each policy announcement. We refer to this as the
high-frequency instrumental variable estimator (or “HFIV” estimator, for short).

Specifically, the HFIV estimator is obtained by estimating (19), where instead
of directly using the daily change in the 3-month Eurodollar future rate, we
instrument for it using the daily imputed change in the 30-day federal funds
futures rate from the level it has 20 minutes after the FOMC announcement and
the level it has 10 minutes before the FOMC announcement.6 By focusing on
changes in a proxy for the policy rate in a very narrow 30-minute window around
the time of the policy announcement, the resulting HFIV estimator addresses the
omitted variable bias and the concern that the Eurodollar futures rate may itself
respond to market conditions on policy announcement days.

The data for the high-frequency interest change are constructed as follows. For
each announcement day t ∈ S1, we define zt ≡ it,m∗t+20 − it,m∗t−10, where it,m
denotes the (daily imputed) 30-day federal funds futures rate on minute m of
day t, and for any t ∈ S1, m∗t denotes the time of day (measured in minutes)

6 By “daily imputed” we mean that in order to interpret the change in the federal funds futures
rate as the surprise component of the change in the daily policy rate, it is adjusted for the fact that the
federal funds futures contracts settle on the effective federal funds rate averaged over the month covered
by the contract. See Section B.B4 for details.
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when the FOMC announcement was made.7 We then estimate b in (19) using
the following two-stage least squares (2SLS) procedure. Define ∆iedt ≡ iedt − iedt−1,

where iedt denotes the rate implied (for day t) by the 3-month Eurodollar futures
contract with closest expiration date at or after day t. First, run the regression
∆iedt = κ0 + κzt + ηt on sample S1 (where ηt is an error term) to obtain the
OLS estimates of κ0 and κ, namely κ̂0 and κ̂. Second, construct the fitted values
ẑt ≡ κ̂0 + κ̂zt and run the event-study regression (19) setting ∆it = ẑt.

B3. More on disaggregative announcement-day effects

In Section IV.C and Section B.B2, we sorted stocks into 20 portfolios accord-
ing to the level of turnover of each individual stock and found that changes in
the nominal rate affect stocks with different turnover liquidity differently, with
more liquid stocks responding more than less liquid stocks. In this section, we
complement that analysis by using an alternative procedure to sort stocks into
portfolios. Specifically, in this section we sort stocks according to the sensitiv-
ity of their individual return to changes in an aggregate (marketwide) measure of
turnover. This alternative criterion is useful for two reasons. First, it will allow us
to control for some differences across stocks, such as the conventional risk factors
used in empirical asset-pricing models. Second, this sorting criterion emphasizes
the responsiveness of the individual stock return to changes in an aggregate mea-
sure of turnover, which is another manifestation of the transmission mechanism
that operates in the theory. To construct the portfolios, we proceed as follows.

For each individual stock s in our sample, we use daily time-series data to run

(B3) Rst = αs + βs0T It +
K∑
j=1

βsjfj,t + εst ,

where εst is an error term, Rst is the daily stock return (between day t and day

t − 1), T It is the aggregate (marketwide) turnover rate on day t, and {fj,t}Kj=1
are K pricing factors. We set K = 3, with f1,t = MKTt, f2,t = HMLt, and
f3,t = SMBt, where MKTt is a broad measure of the market excess return,
HMLt is the return of a portfolio of stocks with high book-to-market value minus
the return of a portfolio of stocks with low book-to-market value, and SMBt is the
return of a portfolio of small-cap stocks minus the return of a portfolio of large-
cap stocks. That is, MKTt is the typical CAPM factor, while HMLt and SMBt
are the long-short spreads constructed by sorting stocks according to book-to-
market value and market capitalization, respectively, as in the Fama and French

7We use the data set constructed by Gorodnichenko and Weber (2016) with tick-by-
tick data of the federal funds futures trading on the CME Globex electronic trading plat-
form (as opposed to the open-outcry market). The variable we denote as zt is the
same variable that Gorodnichenko and Weber denote as vt. The data are available at
http://faculty.chicagobooth.edu/michael.weber/research/data/replication dataset gw.xlsx.
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(1993) three-factor model.8 Let tk denote the day of the kth policy announcement
(we use 133 policy announcement days from our sample period 1994-2007). For
each stock s, regression (B3) is run 133 times, once for each policy announcement
day, each time using the sample of all trading days between day tk−1 and day tk.
Thus, for each stock s we obtain 532 estimates, {{βsj (k)}3j=0}133

k=1, where βsj (k)
denotes the estimate for the beta corresponding to factor j for stock s, estimated
on the sample consisting of all trading days between the policy announcement
days tk−1 and tk. For each policy announcement day, tk, we sort all NYSE stocks

into 20 portfolios by assigning stocks with βs0 (k) ranked between the [5 (i− 1)]th

percentile and (5i)th percentile to the ith portfolio, for i = 1, ..., 20. For each
portfolio i ∈ {1, ..., 20} constructed in this manner, we compute the daily return,
Rit, and the daily change in the turnover rate, T it − T it−1, and run the event-

study regression (19) portfolio-by-portfolio, first with Y i
t = Rit and then with

Y i
t = T it − T it−1, as in Section IV.C.
For each of the 20 portfolios, Table B1 reports estimates of the responses (on the

day of the policy announcement) of the return of the portfolio to a 1 pp increase
in the policy rate. Estimates are negative, as predicted by the theory. Also as
predicted by the theory, the magnitude of the estimates tends to be larger for
portfolios with higher indices. From these estimates we learn that stocks whose
returns are more sensitive to aggregate measures of aggregate market turnover
tend to experience larger declines in returns in response to unexpected increases
in the nominal rate. This finding is in line with the turnover-liquidity channel of
monetary policy.

Notice that by sorting portfolios on the β0’s estimated from (B3), we are con-
trolling for the three standard Fama-French factors. To explore how the portfolios
sorted in this manner vary in terms of the three standard Fama-French factors, we
construct the series of monthly return for each of the 20 portfolios for the period

1994-2007, {
(
Rit
)20

i=1
}, and run (B3) to estimate the vector of betas, {{βij}20

i=1}3j=0.

The estimated betas corresponding to each portfolio are displayed in Figure B1.9

Notice that there is no correlation between the turnover-liquidity betas,
{
βi0
}20

i=1
,

and the CAPM betas,
{
βi1
}20

i=1
. To get a sense of whether the different cross-

8In order to construct the Fama-French factors HMLt and SMBt, stocks are sorted into six port-
folios obtained from the intersections of two portfolios formed on size (as measured by market capital-
ization and labeled “Small” and “Big”) and three portfolios formed on the ratio of book value to mar-
ket value (labeled “Value,” “Neutral,” and “Growth”). Then SMBt = (1/3)

(
RSGt +RSNt +RSVt

)
−

(1/3)
(
RBGt +RBNt +RBVt

)
and HMLt = (1/2)

(
RSVt +RBVt

)
−(1/2)

(
RSGt +RBGt

)
, whereRBGt de-

notes the return on portfolio “Big-Growth,” “RSVt ” denotes the return on portfolio “Small-Value,” and
so on. For a detailed description of the breakpoints used to define the six portfolios, see Kenneth French’s
website, http://mba.tuck.dartmouth.edu/pages/faculty/ken.french/Data Library/six portfolios. The
CAPM factor, MKTt, is a broad measure of the market excess return, specifically, the value-weighted
return of all CRSP firms incorporated in the United States and listed on the NYSE, AMEX, or NASDAQ
that have a CRSP share code of 10 or 11 at the beginning of month t, good shares and price data at
the beginning of t, and good return data for t minus the one-month Treasury bill rate (from Ibbotson
Associates). The data for the three Fama-French factors were obtained from Wharton Research Data
Services (WRDS).

9The vector {βi0}20
i=1 shown in the figure has been normalized by dividing it by

∣∣β1
0

∣∣.
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portfolio responses of returns to policy shocks documented in Table B1 can be
accounted for by the standard CAPM, consider the following back-of-the-envelope
calculation. Let b denote the effect of a 1 bp increase in the policy rate on the
marketwide stock return on the day of the policy announcement (e.g., the E-based
estimate obtained from running (19) with Y I

t = RIt ). Then according to the ba-
sic CAPM model, the effect on portfolio i ∈ {1, ..., 20} would be b̃i ≡ βi1 × b,

where
{
βi1
}20

i=1
is the vector of betas estimated on monthly data for each of the

20 portfolios sorted on βi0 (plotted in Figure B1). Figure B2 plots {(i, b̃i)}20
i=1 and

{(i, bi)}20
i=1, where

{
bi
}20

i=1
corresponds to the E-based estimates for the effect of

monetary policy on returns reported in Table B1.

B4. VAR estimation

Identification

We conjecture that the data, {Yt} with Yt ∈ Rn, correspond to an equilibrium
that can be approximated by a structural vector autoregression (SVAR),

(B4) KYt =

J∑
j=1

CjYt−j + εt,

where K and Cj are n×n matrices, J ≥ 1 is an integer that denotes the maximum
number of lags, and εt ∈ Rn is a vector of structural shocks, with E (εt) = 0,
E (εtε

′
t) = I, and E (εtε

′
s) = 0 for s 6= t, where 0 is a conformable matrix of

zeroes and I denotes the n-dimensional identity. If K is invertible, (B4) can be
represented by the reduced-form VAR

(B5) Yt =
J∑
j=1

BjYt−j + ut,

where Bj = K−1Cj and

(B6) ut = K−1εt

is an error term with

(B7) Ξ ≡ E
(
utu
′
t

)
= K−1K−1′.

The reduced-form VAR (B5) can be estimated to obtain the matrices {Bj}Jj=1,

and the residuals {ut} from the estimation can be used to calculate Ξ. From
(B6), we know that the disturbances of the reduced-form VAR (B5) are linear
combinations of the structural shocks, εt, so in order to use (B5) and the esti-

mates {Bj}Jj=1 to compute the impulse responses to the structural shocks, it is
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necessary to find the n2 elements of the matrix K−1. However, given the known
covariance matrix Ξ, (B7) only provides n(n+1)/2 independent equations involv-
ing the elements of K−1, so n (n− 1) /2 additional independent conditions would
be necessary to find all elements of K−1. This is the well-known identification
problem of the SVAR (B4). Only three specific elements of K−1 are relevant for
our analysis. To find them, we use an identification scheme that relies on external
instruments.10

The VAR we estimate consists of three variables, i.e., Yt =
(
it,RIt , T It

)′
, where

it, RIt , and T It are the measures of the policy rate, the stock return, and turnover

described in Sections IV.A and IV.B. Denote εt =
(
εit, ε

R
t , ε

T
t

)′
, ut =

(
uit, u

R
t , u

T
t

)′
,

and

K−1 =

 kii kRi kTi
kiR kRR kTR
kiT kRT kTT

 .
Then ut = K−1εt can be written as

(B8)

 uit
uRt
uTt

 =

 kii
kiR
kiT

 εit +

 kRi
kRR
kRT

 εRt +

 kTi
kTR
kTT

 εTt .
Since we are only interested in the impulse responses for the monetary shock,

εit, it suffices to find the first column of K−1. The identification problem we
face, of course, stems from the fact that the structural shocks,

(
εit, ε

R
t , ε

T
t

)
, are

unobservable and some of the elements of K−1 are unknown (three elements are
unknown in this 3 × 3 case). Suppose we had data on

{
εit
}

. Then we could run

the regression uit = κiiε
i
t + ηt to estimate κii, where ηt is an error term. From (B8)

we have ηt = kRi ε
R
t + kTi ε

T
t , so E

(
εitηt

)
= E

[
εit
(
kRi ε

R
t + kTi ε

T
t

)]
= 0 (since we

are assuming E(εtε
′
t) = I), and thus the estimate of κii could be used to identify

kii (up to a constant) via the population regression of uit onto εit. Since εit is
unobservable, one natural alternative is to find a proxy (instrumental) variable
for it. Suppose there is a variable zt such that

E
(
ztε
R
t

)
= E

(
ztε
T
t

)
= 0 < E

(
ztε

i
t

)
≡ v for all t.

Then

(B9) Λ ≡ E(ztut) = K−1E(ztεt) =
(
kii, k

i
R, k

i
T
)′
v.

Since Λ = (Λ1,Λ2,Λ3)′ is a known (3×1) vector, we can identify the coefficients
of interest,

(
kii, k

i
R, k

i
T
)

up to the sign of the scalar v. To see this, notice (B9)

10The identification methodology has been used by Mertens and Ravn (2013), Stock and Watson
(2012), Gertler and Karadi (2015), Hamilton (2003), Kilian (2008a,b), among others.
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implies

vkii = Λ1(B10)

vkiR = Λ2(B11)

vkiT = Λ3(B12)

with

(B13) v2 = E(ztut)
′Ξ−1E(ztut).

Since the sign of v is unknown, we could look for restrictions that do not involve
v, and in this case these conditions only provide two additional restrictions on(
kii, k

i
R, k

i
T
)
, i.e., combining (B10) with (B11), and (B10) with (B12), yields

kiR
kii

=
Λ2

Λ1
(B14)

kiT
kii

=
Λ3

Λ1
.(B15)

Thus, kiR and kiT are identified. From (B10), kii is also identified but up to the
sign of v.

Notice that if we run a 2SLS regression of uRt on uit using zt as an instrument for
uit, then the estimate of the slope coefficient on this regression is Λ2/Λ1. Similarly,
Λ3/Λ1 corresponds to the instrumental variable estimate of the slope coefficient
of a regression of uTt on uit using zt as an instrument for uit.

In our application, as an instrument for the structural monetary policy shock,
εit, we use the (daily imputed) change in the 30-day federal funds futures from the
level it has 10 minutes before the FOMC announcement and the level it has 20
minutes after the FOMC announcement.11 That is, we restrict our sample to t ∈
S1 and set {zt} =

{
it,m∗t+20 − it,m∗t−10

}
, where it,m denotes the (daily imputed)

30-day federal funds futures rate on minute m of day t, and for any t ∈ S1, m∗t
denotes the time of day (measured in minutes) when the FOMC announcement
was made.12 All this leads to the following procedure, used by Mertens and Ravn

11By “daily imputed” we mean that in order to interpret the change in the federal funds futures rate
as the surprise component of the change in the daily policy rate, it is adjusted for the fact that the federal
funds futures contracts settle on the effective federal funds rate averaged over the month covered by the
contract. See Section B.B4 for details.

12We use the data set constructed by Gorodnichenko and Weber (2016) with tick-by-
tick data of the federal funds futures trading on the CME Globex electronic trading plat-
form (as opposed to the open-outcry market). The variable we call zt is the same
variable that Gorodnichenko and Weber denote as vt. Their data are available at
http://faculty.chicagobooth.edu/michael.weber/research/data/replication dataset gw.xlsx. We have
also performed the estimations using a different instrument for the high-frequency external identifi-
cation scheme, namely the 3-month Eurodollar rate (on the nearest futures contract to expire after the
FOMC announcement) from the level it has 10 minutes before the FOMC announcement and the level
it has 20 minutes after the FOMC announcement. That is, we restrict our sample to t ∈ S1 and set
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(2013), Stock and Watson (2012), and Gertler and Karadi (2015), to identify the
coefficients needed to estimate the empirical impulse responses to a monetary
policy shock:

Step 1: Estimate the reduced-form VAR by least squares over the whole sample
of all trading days to obtain the coefficients {Bj}Jj=1 and the residuals {ut}.

Step 2: Run the regression uit = κ0 + κizt + ηt on sample S1 to obtain the OLS
estimates of κ0 and κi, namely κ̂0 and κ̂i, and construct the fitted values
ûit = κ̂0 + κ̂izt.

Step 3: Run the regressions uRt = κ0 + κRûit + ηt and uTt = κ0 + κT ûit + ηt on
sample S1 to obtain the OLS estimates of κR and κT , namely κ̂R and κ̂T .
Since κ̂R = Λ2/Λ1 and κ̂T = Λ3/Λ1, (B14) and (B15) imply κ̂R = kiR/k

i
i

and κ̂T = kiT /k
i
i.

For the purpose of getting impulse responses with respect to the shock εit, the
scale and sign of kii are irrelevant since the shock εit is typically normalized to have
any desired impact on a given variable.13 For example, in our impulse responses
we normalize the shock εit so that it induces a 1 pp increase in the level of the
policy rate it on impact. To see this, consider (B8) with εRt = εTt = 0. Then for
any kii, the shock that induces an x pp increase in the level of the policy rate on
impact (e.g., at t = 0) is εi0 = (x/100)/kii = (x/100)/(Λ1/v).

Confidence intervals for impulse responses

The 95 percent confidence intervals for the impulse response coefficients esti-
mated from the data are computed using a recursive wild bootstrap using 10,000
replications, as in Gonçalves and Kilian (2004) and Mertens and Ravn (2013).
The procedure is as follows. Given the estimates of the reduced-form VAR,
{B̂j}Jj=1, and the residual, {ût}, we generate bootstrap draws,

{
Y b
t

}
, recursively,

by Y b
t =

∑J
j=1 B̂jYt−j + ebt ût, where ebt is the realization of a scalar random

variable taking values of −1 or 1, each with probability 1/2. Our identification
procedure also requires us to generate bootstrap draws for the proxy variable,{
zbt
}

, so following Mertens and Ravn (2013), we generate random draws for the

proxy variable via zbt = ebtzt. We then use the bootstrap samples
{
Y b
t

}
and

{
zbt
}

to reestimate the VAR coefficients and compute the associated impulse responses
(applying the covariance restrictions implied by the bootstrapped instrument zbt ).
This gives one bootstrap estimate of the impulse response coefficients. The confi-
dence intervals are the percentile intervals of the distribution of 10,000 bootstrap
estimates for the impulse response coefficients.

{zt} = {ied
t,m∗

t +20
− ied

t,m∗
t−10

}, where iedt,m denotes the 3-month Eurodollar futures rate on minute m

of day t, and for any t ∈ S1, m∗t denotes the time of day (measured in minutes) when the FOMC
announcement was made. The results were essentially the same.

13Alternatively, (B10) and (B13) can be combined to get kii = Λ1/v, which is then identified up to
the sign of v.
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Changes in federal funds future rate and unexpected policy rate changes

Fix a month, s, and let the intervals {[t, t+ 1]}Tt=1 denote the T days of the

month. Let
{
f0
s,t

}T
t=1

denote the market prices of the federal funds futures con-
tract at the end of day t of month s. The superscript “0” indicates that the con-
tract corresponds to the current month, s.14 Let {rt}Tt=1 be the (average) daily
fededral funds rate calculated at the end of day t. Finally, for j = 1, ..., T − t, let
Etrt+j denote the expectation of the spot federal funds rate on day t + j condi-
tional on the information available at the end of day t. Then, since federal funds
futures contracts settle on the average daily rate of the month, we have

f0
s,t =

1

T

[∑t

i=1
ri +

∑T

i=t+1
Etri

]
, for t = 1, ..., T.

Hence, for t = 1, ..., T ,

f0
s,t − f0

s,t−1 =
1

T
rt −

1

T
Et−1rt +

1

T

∑T

i=t+1
Etri −

1

T

∑T

i=t+1
Et−1ri,

where f0
s,0 ≡ f1

s−1,T . Assume the federal funds rate changes at most once during
the month, and suppose it is known that the announcement takes place at the
beginning of day t ≥ 1.15 Then

Etri = rt for i = t, ..., T

Et−1ri = Et−1rt for i = t+ 1, ...T.

Thus, the change in the forward rate at the time of the announcement, i.e.,
t = 1, ..., T , is

(B16) f0
s,t − f0

s,t−1 =
T + 1− t

T
(rt − Et−1rt) ,

where rt − Et−1rt is the surprise change in the federal funds rate on day t (the
day of the policy announcement). If we know the daily change in the forward
rate at the time of the announcement, f0

s,t − f0
s,t−1, then from (B16) we can

recover the unexpected change in the federal funds rate on the day of the FOMC
announcement, t, as follows:

(B17) rt+1 − Etrt+1 =
T

T − t
(
f0
s,t+1 − f0

s,t

)
for t = 0, ..., T − 1.

14Contracts can range from 1 to 5 months. For example, f5
s,t would be the price of the 5-month

forward on day t of month s.
15If rt were the actual target federal funds rate, then the assumption that it changes at most once

in the month would be exactly true for most of our sample; see, e.g., footnote 16 in Gorodnichenko
and Weber (2016). In general this has to be regarded as an approximation, since on any given day the
effective federal funds rate, rt, can and does deviate somewhat from the announced federal funds rate
target rate (see Afonso and Lagos (2014)).
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This condition is the same as condition (7) in Kuttner (2001), which is the con-
vention used by the event-study literature to map the change in the 30-day federal
funds futures rate on the day of the FOMC policy announcement into the sur-
prise change in the daily policy rate on the day of the announcement. In terms
of the notation for our high-frequency instrument introduced in Section B.B4, we
set zt = T

T−t
(
f0
s,t+1 − f0

s,t

)
≡ it,m∗t+20 − it,m∗t−10, where f0

s,t+1 − f0
s,t is measured

(using high-frequency data) as the change in the 30-day federal funds futures rate
over a 30-minute window around the FOMC announcement that takes place on
day t.
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Appendix C: Theory

C1. Efficiency

Consider a social planner who wishes to maximize the sum of all agents’ ex-
pected discounted utilities subject to the same meeting frictions that agents face
in the decentralized formulation. Specifically, in the first subperiod of every pe-
riod, the planner can only reallocate assets among all dealers and the measure α
of investors who contact dealers at random. We restrict attention to symmetric
allocations (identical agents receive equal treatment). Let cDt and hDt denote
a dealer’s consumption and production of the homogeneous consumption good
in the second subperiod of period t. Let cIt and hIt denote an investor’s con-
sumption and production of the homogeneous consumption good in the second
subperiod of period t. Let ãDt denote the beginning-of-period t (before deprecia-
tion) equity holding of a dealer, and let a′Dt denote the equity holding of a dealer
at the end of the first subperiod of period t (after OTC trade). Let ãIt denote the
beginning-of-period t (before depreciation and endowment) asset holding of an in-
vestor. Finally, let a′It denote a measure on F ([εL, εH ]), the Borel σ-field defined
on [εL, εH ]. The measure a′It is interpreted as the distribution of post-OTC-trade
asset holdings among investors with different valuations who contacted a dealer in
the first subperiod of period t. With this notation, the planner’s problem consists
of choosing a nonnegative allocation,{[

ãjt, a
′
jt, cjt, hjt

]
j∈{D,I}

}∞
t=0

,

to maximize

E0

∞∑
t=0

βt

[
α

∫ εH

εL

εyta
′
It (dε) + (1− α)

∫ εH

εL

εytaItdG (ε) + cDt + cIt − hDt − hIt

]

(the expectation operator E0 is with respect to the probability measure induced
by the dividend process) subject to

ãDt + ãIt ≤ As(C1)

a′Dt + α

∫ εH

εL

a′It (dε) ≤ aDt + αaIt(C2)

cDt + cIt ≤ hDt + hIt(C3)

aDt = δãDt(C4)

aIt = δãIt + (1− δ)As.(C5)

According to Proposition 5, the efficient allocation is characterized by the fol-
lowing two properties: (a) only dealers carry equity between periods, and (b)
among those investors who have a trading opportunity with a dealer, only those
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with the highest valuation hold equity shares at the end of the first subperiod.

PROPOSITION 5: The efficient allocation satisfies the following two conditions
for every t: (a) ãDt = As−ãIt = As and (b) a′It (E) = I{εH∈E} [δ + α (1− δ)]As/α,
where I{εH∈E} is an indicator function that takes the value 1 if εH ∈ E, and 0
otherwise, for any E ∈ F ([εL, εH ]).

PROOF OF PROPOSITION 5:

The choice variable a′Dt does not appear in the planner’s objective function, so
a′Dt = 0 at an optimum. Also, (C3) must bind for every t at an optimum, so the
planner’s problem is equivalent to

max
{ãDt,ãIt,a′It}

∞
t=0

E0

∞∑
t=0

βt
[
α

∫ εH

εL

εa′It (dε) + (1− α) ε̄aIt

]
yt

s.t. (C1), (C4), (C5), and α

∫ εH

εL

a′It (dε) ≤ aDt + αaIt.

Let W ∗ denote the maximum value of this problem. Then clearly, W ∗ ≤ W̄ ∗,
where

W̄ ∗ = max
{ãDt,ãIt}∞t=0

E0

∞∑
t=0

βt [εH (ãDt + αãIt) + (1− α) ε̄ãIt] δyt + w

s.t. (C1), where w ≡ [αεH + (1− α) ε̄] (1− δ)AsE0
∑∞

t=0 β
tyt. Rearrange the

expression for W̄ ∗ and substitute (C1) (at equality) to obtain

W̄ ∗ = max
{ãIt}∞t=0

E0

∞∑
t=0

βt {εHAs − (1− α) (εH − ε̄) ãIt} δyt + w

= {δεH + (1− δ) [αεH + (1− α) ε̄]}AsE0

∞∑
t=0

βtyt.

The allocation consisting of ãDt = As, ãIt = 0, and the Dirac measure defined
in the statement of the proposition achieve W̄ ∗ and therefore solve the planner’s
problem.

C2. Examples

In this section we present two examples for which the basic model of Section I
can be solved in closed form.

Suppose that the probability distribution over investor valuations is concen-
trated on two points: εL with probability πL and εH with probability πH , with
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ε̄ = πHεH + πLεL. Then (13) implies

ε∗ =


εH

1+ µ−β̄
αθβ̄(1−β̄δ)πH

if β̄ < µ ≤ µ̂

β̄αθ(1−β̄δ)πHεH−(µ−β̄)β̄δ(ε̄−αθπLεL)

β̄αθ(1−β̄δ)πH+(µ−β̄)[1−β̄δ(1−αθπL)]
if µ̂ < µ < µ̄

with

µ̂ = β̄

[
1 +

(
1− β̄δ

)
(1− αθ)αθπL (ε̄− εL)

ε̄− αθπLεL

]

µ̄ = β̄

[
1 +

(
1− β̄δ

)
αθ (ε̄− εL)

β̄δε̄+
(
1− β̄δ

)
εL

]
.

Given ε∗, the closed-form expressions for the equilibrium allocation are given in
Proposition 1.

Suppose that the probability distribution over investor valuations is distributed
uniformly on [0, 1]. Then (13) implies

ε∗ =


αθ(1−β̄δ)+ι−

√
[αθ(1−β̄δ)+ι]

2−[αθ(1−β̄δ)]
2

αθ(1−β̄δ)
if β̄ < µ ≤ µ̂

(1−β̄δ)(αθ+ι)−
√

[(1−β̄δ)(αθ+ι)]
2−αθβ̄δ[1−β̄δ(1+ι)](ῑ−ι)

αθ[1−β̄δ(1+ι)]
if µ̂ < µ < µ̄

with

µ̂ = β̄

[
1 +

(
1− β̄δ

)
(1− αθ) (ε̂− 1/2)

ε̂

]

µ̄ = β̄

[
1 +

αθ
(
1− β̄δ

)
β̄δ

]

and where ῑ ≡
(
µ̄− β̄

)
/β̄ and ε̂ = (1−

√
1− αθ)/ (αθ). Given ε∗, the closed-form

expressions for the equilibrium allocation are given in Proposition 1.

C3. Equilibrium conditions for the general model

In this section we derive the equilibrium conditions for the general model of
Section V. We specialize the analysis to recursive equilibria in which prices are
time-invariant functions of an aggregate state vector that follows a time-invariant
law of motion. The state vector is xt = (Amt , yt, τ t) ∈ R5

+, with τ t ≡ (ωt, µt, rt).
Asset prices in a recursive equilibrium will be φst = φs (xt), φ̄

s
t = φ̄s (xt), φ

m
t =

φm (xt), p
s
t = ps (xt), qt = q (xt), and εs∗t = εs∗ (xt). Let Amkt denote the amount

of money that investors have available to trade asset k ∈ N̄ ≡ N ∪ {b} at the
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beginning of period t (i.e., the bond, if k = b, and equity, if k ∈ N). The laws of
motion for the state variables Amt , yt, and τ t are exogenous (as described above)
while Amkt = Ψk (xt), where the decision rule Ψk, for k ∈ N̄, is determined in
equilibrium.

The investor’s value functions are

W I(ambt , abt , (a
ms
t , ast )s∈N, ϕt;xt) =

∑
s∈N

[φm (xt) a
ms
t + φs (xt) a

s
t ]

+ φm (xt) (ambt + abt)− ϕt + W̄ I (xt) ,

where abt denotes the quantity of bonds that the investor brings into the second
subperiod of period t, with

W̄ I (xt) ≡ T (xt) + max
(ãmt+1,(ã

s
t+1)s∈N)∈RN+1

+

{
− φm (xt) ã

m
t+1 −

∑
s∈N

φs (xt) ã
s
t+1

+
1

1 + rt
E
[
V̄ I(ãmt+1, (a

s
t+1)s∈N;xt+1)

∣∣xt]},
(C6)

V̄ I(ãmt+1, (a
s
t+1)s∈N;xt+1) = max

(amkt+1)k∈N̄∈R
N+1
+

∫
V I(ambt+1, (a

ms
t+1, a

s
t+1)s∈N, ε;xt+1)dG(ε)

s.t.
∑
k∈N̄

amkt+1 ≤ ãmt+1,

and

V I(ambt+1, (a
ms
t+1, a

s
t+1)s∈N, ε;xt+1) = φm (xt+1) {ambt+1 + [1− q (xt+1)] abt+1(ambt+1, q (xt+1))}

+
∑
s∈N

{
φm (xt+1) amst+1 + [εyt+1 + φs (xt+1)] ast+1

}
+
∑
s∈N

[
αsθ

ε− εs∗ (xt+1)

ps (xt+1)
yt+1I{εs∗(xt+1)<ε}a

ms
t+1

]
+
∑
s∈N

{
αsθ [εs∗ (xt+1)− ε] yt+1I{ε<εs∗(xt+1)}a

s
t+1

}
+ W̄ I (xt+1) ,

where abt(a
mb
t , qt) is the bond demand of an agent who carries ambt dollars into

the bond market in state xt, and ast+1 ≡ δãst+1 + (1− δ)As. In writing V I (·) we
have used the fact that Lemma 1 still characterizes the equilibrium post-trade
portfolios in the OTC market. The following lemma characterizes an investor’s
demand in the bond market.
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LEMMA 4: Consider an investor who brings ambt dollars to the bond market
of period t. The bond demand, abt(a

mb
t , qt) and the post-trade bond-market cash

holdings, āmbt (ambt , qt) = ambt − qtabt(ambt , qt), are given by

abt(a
mb
t , qt) = χ (qt, 1)

ambt
qt

āmbt (ambt , qt) = [1− χ (qt, 1)] ambt ,

where χ (·, ·) is the function defined in Lemma 1.

PROOF OF LEMMA 4:

The investor’s problem in the bond market of period t is

max
(āmbt ,abt)∈R2

+

W I(āmbt , abt , (a
ms
t , ast )s∈N , ϕt;xt) s.t. āmbt + qta

b
t ≤ ambt .

This problem can be written as

max
abt∈[0,ambt /qt]

φm (xt)
[
(ambt + (1− qt) abt

]
+W I

(
(amst , ast )s∈N , 0, 0, ϕt;xt

)
,

and the solution is as in the statement of the lemma.

The market-clearing condition for bonds is abt
(
Ambt , qt

)
= Bt, which implies the

equilibrium nominal price of a bond is qt = min
(
Ambt /Bt, 1

)
, or in the recursive

equilibrium,

q (xt) = min

{
Ψb (xt)

ωtAmt
, 1

}
.

With Lemma 4, the investor’s value function in the first subperiod becomes

V I(ambt+1, (a
ms
t+1, a

s
t+1)s∈N, ε;xt+1) =

φm (xt+1)

q (xt+1)
ambt+1 + W̄ I (xt+1)

+
∑
s∈N

{
φm (xt+1) amst+1 + [εyt+1 + φs (xt+1)] ast+1

}
+
∑
s∈N

αsθ
ε− εs∗ (xt+1)

ps (xt+1)
yt+1I{εs∗(xt+1)<ε}a

ms
t+1

+
∑
s∈N

αsθ [εs∗ (xt+1)− ε] yt+1I{ε<εs∗(xt+1)}a
s
t+1.

The following lemma characterizes the optimal partition of money across asset
classes chosen by an investor at the beginning of the period.
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LEMMA 5: The (amkt+1)k∈N̄ that solves (C6) satisfies

∂V̄ I(ãmt+1,(a
s
t+1)s∈N;xt+1)

∂ãmt+1
≥ φm (xt+1) + αsθ

∫ εH

εs∗(xt+1)

ε−εs∗(xt+1)
ps(xt+1) yt+1dG(ε)(C7)

∂V̄ I(ãmt+1,(a
s
t+1)s∈N;xt+1)

∂ãmt+1
≥ φm(xt+1)

q(xt+1) ,(C8)

where (C7) holds with “=” if amst+1 > 0 and (C8) holds with “=” if ambt+1 > 0.

PROOF OF LEMMA 5:
The objective function on the right side of (C6) can be written as∫

V I(ambt+1, (a
ms
t+1, a

s
t+1)s∈N, ε;xt+1)dG(ε)

=
∑
s∈N

{
φm (xt+1) amst+1 + [ε̄yt+1 + φs (xt+1)] ast+1

}
+
∑
s∈N

αsθ

∫ εH

εs∗(xt+1)

ε− εs∗ (xt+1)

ps (xt+1)
yt+1dG(ε)amst+1

+
∑
s∈N

αsθ

∫ εs∗(xt+1)

εL

[εs∗ (xt+1)− ε] yt+1dG(ε)ast+1

+
φm (xt+1)

q (xt+1)
ambt+1 + W̄ I (xt+1) .

The Lagrangian for the maximization in (C6) is

L̂((amst+1)s∈N̄; ãmt+1,xt+1) =
∑
s∈N

[
φm (xt+1) + αsθ

∫ εH

εs∗(xt+1)

ε−εs∗(xt+1)
ps(xt+1) yt+1dG(ε)

]
amst+1

+
φm (xt+1)

q (xt+1)
ambt+1 +

∑
k∈N̄

ζmk (xt+1) amkt+1

+ ξ (xt+1)

ãmt+1 −
∑
k∈N̄

amkt+1

 ,

where ξ (xt+1) is the multiplier on the feasibility constraint in state xt+1 and
(ζmk (xt+1))k∈N̄ are the multipliers on the nonnegativity constraints. The first-
order conditions are

φm (xt+1)

q (xt+1)
+ ζmb (xt+1)− ξ (xt+1) = 0

φm (xt+1) + αsθ

∫ εH

εs∗(xt+1)

ε− εs∗ (xt+1)

ps (xt+1)
yt+1dG(ε) + ζms (xt+1)− ξ (xt+1) = 0,
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for all s ∈ N. Finally, ξ (xt+1) = ∂L̂/∂ãmt+1 = ∂V̄ I(ãmt+1, (a
s
t+1)s∈N;xt+1)/∂ãmt+1.

The following lemma characterizes an investor’s optimal portfolio choice in the
second subperiod of any period with state xt.

LEMMA 6: The portfolio (ãmt+1, (ã
s
t+1)s∈N) chosen by an investor in the second

subperiod of period t with state xt of a recursive equilibrium, satisfies

φs (xt) ≥
δ

1 + rt
E

[
ε̄yt+1 + φs (xt+1) + αsθ

∫ εs∗(xt+1)

εL

[εs∗ (xt+1)− ε] yt+1dG(ε)

∣∣∣∣∣xt
]

φm (xt) ≥
1

1 + rt
E

[
φm (xt+1) + αsθ

∫ εH

εs∗(xt+1)

ε− εs∗ (xt+1)

ps (xt+1)
yt+1dG(ε)

∣∣∣∣∣xt
]

φm (xt) ≥
1

1 + rt
E
[
φm (xt+1)

q (xt+1)

∣∣∣∣xt] ,
where the first condition holds with “=” if ãst+1 > 0, the second condition holds

with “=” if amst+1 > 0, and the third condition holds with “=” if ambt+1 > 0.

PROOF OF LEMMA 6:

The investor’s maximization problem in the second subperiod is

max
(ãmt+1,(ã

s
t+1)s∈N)∈RN+1

+

{
− φm (xt) ã

m
t+1 −

∑
s∈N

φs (xt) ã
s
t+1

+
1

1 + rt
E
[
V̄ I(ãmt+1, (a

s
t+1)s∈N;xt+1)

∣∣xt]},
with

V̄ I(ãmt+1, (a
s
t+1)s∈N;xt+1)

= W̄ I (xt+1) + max
{amkt+1}k∈N̄∈R

N+1
+

L̂((amst+1)s∈N̄; ãmt+1,xt+1)

+
∑
s∈N

[
ε̄yt+1 + φs (xt+1) + αsθ

∫ εs∗(xt+1)

εL

[εs∗ (xt+1)− ε] yt+1dG(ε)

]
ast+1,

where L̂
(
(amst+1)s∈N; ãmt+1,xt+1

)
is defined in the proof of Lemma 5. We then have,

∂V̄ I(ãmt+1,(a
s
t+1)s∈N;xt+1)

∂ast+1
= ε̄yt+1 + φs (xt+1) + αsθ

∫ εs∗(xt+1)

εL

[εs∗ (xt+1)− ε] yt+1dG(ε)

∂V̄ I(ãmt+1,(a
s
t+1)s∈N;xt+1)

∂ãmt+1
= ξ (xt+1) .

The first-order conditions for the investor’s optimization problem in the second
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subperiod are

−φm (xt) +
1

1 + rt
E

[
∂V̄ I(ãmt+1, (a

s
t+1)s∈N;xt+1)

∂ãmt+1

∣∣∣∣∣xt
]
≤ 0, with “ = ” if ãmt+1 > 0

−φs (xt) +
1

1 + rt
E

[
∂V̄ I(ãmt+1, (a

s
t+1)s∈N;xt+1)

∂ãst+1

∣∣∣∣∣xt
]
≤ 0, with “ = ” if ãst+1 > 0,

or equivalently,

φm (xt) ≥
1

1 + rt
E [ξ (xt+1)|xt] , with “ = ” if ãmt+1 > 0

φs (xt) ≥
δ

1 + rt
E

[
ε̄yt+1 + φs (xt+1) + αsθ

∫ εs∗(xt+1)

εL

[εs∗ (xt+1)− ε] yt+1dG(ε)

∣∣∣∣∣xt
]
,

with “=” if ãst+1 > 0, for s ∈ N. By Lemma 5, the first condition can be written
as

φm (xt) ≥
1

1 + rt
E
[
φm (xt+1)

q (xt+1)

∣∣∣∣xt] ,
with “=” if ambt+1 > 0, or as

φm (xt) ≥
1

1 + rt
E

[
φm (xt+1) + αsθ

∫ εH

εs∗(xt+1)

ε− εs∗ (xt+1)

ps (xt+1)
yt+1dG(ε)

∣∣∣∣∣xt
]
,

with “=” if amst+1 > 0, for s ∈ N.

DEFINITION 1: A recursive monetary equilibrium for the multiple asset econ-
omy with open-market operations (in which only investors can hold assets overnight)
is a collection of functions, {φm (·) , q (·) ,Ψb (·) , {φs (·) , ps (·) , εs∗ (·) ,Ψs (·)}s∈N},
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that satisfy

φs (xt) =
δ

1 + rt
E

[
ε̄yt+1 + φs (xt+1) + αsθ

∫ εs∗(xt+1)

εL

[εs∗ (xt+1)− ε] yt+1dG(ε)

∣∣∣∣∣xt
]

φm (xt) =
1

1 + rt
E

[
φm (xt+1) + αsθ

∫ εH

εs∗(xt+1)

ε− εs∗ (xt+1)

ps (xt+1)
yt+1dG(ε)

∣∣∣∣∣xt
]

φm (xt)

q (xt)
= φm (xt) + αsθ

∫ εH

εs∗(xt)

ε− εs∗ (xt)

ps (xt)
ytdG(ε)

q (xt) = min[Ambt /(ωtA
m
t ), 1]

ps (xt) =
[1−G (εs∗ (xt))]A

ms
t

G (εs∗ (xt))As

εs∗ (xt) =
ps (xt)φ

m (xt)− φs (xt)

yt

Amkt = Ψk (xt) , for k ∈ N̄

Amt =
∑
k∈N̄

Amkt .

Suppose xt = (Amt , yt, ωi, µi, ri) and focus on a recursive equilibrium with the
property that real prices are linear functions of the aggregate dividend. Then,
under the conjecture

φs (xt) = φsiyt(C9)

φ̄s (xt) = φ̄siyt(C10)

φm (xt)A
m
t = Ziyt(C11)

Amkt = Ψk (xt) = λkiA
m
t(C12)

φ̄s (xt) ≡ ps (xt)φ
m (xt)(C13)

q (xt) = min(λbi/ωi, 1) ≡ qi(C14)

εs∗ (xt) ≡
φ̄s (xt)− φs (xt)

yt
= φ̄si − φsi ≡ εs∗i ,(C15)

the equilibrium conditions reduce to (21)-(25), a system of M (3N + 2) indepen-
dent equations for the M (3N + 2) unknowns {φsi , εs∗i , Zi, λsi , λbi}i∈M,s∈N. Given
{φsi , εs∗i , Zi, λsi , λbi}i∈M,s∈N, for a state xt = (Amt , yt, τ t) with τ t = τ i = (ωi, µi, ri),
φs (xt) is obtained from (C9), φ̄s (xt) from (C10) (with φ̄si = εs∗i + φsi ), φ

m (xt)
from (C11), Amkt from (C12), ps (xt) from (C13), and q (xt) from (C14). Notice
that an economy with no explicit open-market operations is just special case of
this economy with ωt = 0 for all t (which in turn implies λbi = 0 for all i, so (23)
is dropped from the set of equilibrium conditions).

The following proposition shows that if a monetary equilibrium exists for a



46 THE AMERICAN ECONOMIC REVIEW MONTH YEAR

given joint policy process for money growth and real rates, {µt, rt}∞t=0, then there
exists a bond policy, {ωt}∞t=0 that implements a positive real value of money that
is constant over time. This result is useful because it implies the real price of
money need not change at the times when monetary policy switches states.

PROPOSITION 6: Let 〈(µi, ri) , [σij ]〉i,j∈M denote a joint process of money growth

and real rates, i.e., a set of states (µi, ri)i∈M and a transition matrix [σij ]i,j∈M
such that σij = Pr [(µt+1, rt+1) = (µj , rj) | (µt, rt) = (µi, ri)]. Consider a process
〈(µi, ri) , [σij ]〉i,j∈M such that there exists a vector (φsi , ε

s∗
i )i∈M,s∈N that solves

φsi =
γ̄δ

1 + ri

∑
j∈M

σij

[
ε̄+ φsj + αsθ

∫ εs∗j

εL

(εs∗j − ε)dG(ε)

]
for (i, s) ∈M× N(C16)

1 =
γ̄

(1 + ri)µi

∑
j∈M

σij

[
1 + αsθ

∫ εH

εs∗j

ε− εs∗j
εs∗j + φsj

dG(ε)

]
for (i, s) ∈M× N.(C17)

Then for any Z ∈ (Z0,∞), there exists a bond policy (ωi)i∈M that implements
equilibrium aggregate real balances (Zi)i∈M with Zi = Z for all i ∈M. Moreover,
the bond policy that implements the contant aggregate real balance Z is
(C18)

ωi =

1−

∑
s∈N

G(εs∗i )As

1−G(εs∗i )
(εs∗i + φsi )

Z

[1 + αsθ

∫ εH

εs∗i

ε− εs∗i
εs∗i + φsi

dG(ε)

]
for i ∈M,

and

Z0 = max
i∈N

∑
s∈N

G (εs∗i )As

1−G (εs∗i )
(εs∗i + φsi ).

Under bond policy (C18), in state xt = (Amt , yt, ωi, µi, ri), investors assign λbiZ
real balances to the bond market and λsiZ real balances to the market for stock
s ∈ N, where

λbi = 1−

∑
s∈N

G(εs∗i )As

1−G(εs∗i )(εs∗i + φsi )

Z
∈ (0, 1)(C19)

λsi =

G(εs∗i )As

1−G(εs∗i )
(εs∗i + φsi )

Z
∈ (0, 1) ,(C20)

and the dollar price of equity in the OTC round is ps (xt) = (εs∗i + φsi )A
m
t /Z.

PROOF OF PROPOSITION 6:
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Given the vector (φsi , ε
s∗
i )i∈M,s∈N that solves (C16) and (C17), (23)-(25) imply

Z =

∑
s∈N

G(εs∗i )As

1−G(εs∗i )
(εs∗i + φsi )

1− ωi

1+αsθ
∫ εH
εs∗
i

ε−εs∗
i

εs∗
i

+φs
i
dG(ε)

(C21)

λbi =
ωi

1 + αsθ
∫ εH
εs∗i

ε−εs∗i
εs∗i +φsi

dG(ε)
(C22)

λsi =

1− ωi

1 + αsθ
∫ εH
εs∗i

ε−εs∗i
εs∗i +φsi

dG(ε)

 G(εs∗i )As

1−G(εs∗i )
(εs∗i + φsi )∑

s∈N
G(εs∗i )As

1−G(εs∗i )
(εs∗i + φsi )

(C23)

From (C21), it is clear that the bond policy (ωi)i∈M described in the proposition
implements aggregate real balance Z. Then (C22) and (C23) imply (C19) and
(C20), and λbi , λ

s
i ∈ (0, 1) since 0 < Z0 < Z. Finally, ps (xt) is obtained from

(C13).

In general, the equilibrium for the general model with N asset classes, open-
market operations, and policy uncertainty, involves numerically solving the system
of M (3N + 2) independent equations and M (3N + 2) unknowns given by (21)-
(25). In order to gain analytical intuition, the following proposition offers a
full characterization of the monetary equilibrium for an economy with N equity
classes and open-market operations, but no policy uncertainty. In this context,
Corollary 4 deals with implementing a level of real balance that is independent
of the growth rate of the money supply.

PROPOSITION 7: Consider the economy with no policy uncertainty, i.e., µi =

µ, ωi = ω, and ri = r for all i ∈ M. Let µ̄s ≡ β̄

[
1 +

αsθ(1−β̄δ)(ε̄−εL)

β̄δε̄+(1−β̄δ)εL

]
and

µ̄∗ = mins∈N µ̄
s, and assume µ ∈ (β̄, µ̄∗) and ω ∈

(
0, µ/β̄

)
. Then there exists a

unique recursive monetary equilibrium:
(i) Asset prices are

φst = φsyt,

where

(C24) φs =
β̄δ

1− β̄δ

[
ε̄+ αsθ

∫ εs∗

εL

(εs∗ − ε)dG(ε)

]

and εs∗ ∈ (εL, εH) is the unique solution to

(C25)

∫ εH
εs∗ (ε− εs∗) dG(ε)

εs∗ + β̄δ
1−β̄δ

[
ε̄+ αsθ

∫ εs∗
εL

(εs∗ − ε)dG(ε)
] − µ− β̄

β̄αsθ
= 0.
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(ii) Aggregate real balances are

φmt A
m
t = Zyt,

where

(C26) Z =

∑
s∈N

G(εs∗)As

1−G(εs∗)(εs∗ + φs)

1− β̄
µω

.

(iii) The price of a bond is

(C27) qt =
β̄

µ
.

(iv) The proportion of real balances assigned to the bond market is

(C28) λb =
β̄

µ
ω.

(v) The proportion of real balances assigned to the OTC market for equity s is

(C29) λs =

G(εs∗)As

1−G(εs∗)(εs∗ + φs)∑
s∈N

G(εs∗)As

1−G(εs∗)(εs∗ + φs)

(
1− β̄

µ
ω

)
.

PROOF OF PROPOSITION 7:

With no policy uncertainty, φsi = φs, εs∗i = εs∗, Zi = Z, λsi = λs, λbi = λb for
all i ∈M and all s ∈ N, and the equilibrium conditions (21)-(25) reduce to

φs = β̄δ

[
ε̄+ φs + αsθ

∫ εs∗

εL

(εs∗ − ε)dG(ε)

]
for all s ∈ N(C30)

1 =
β̄

µ

[
1 + αsθ

∫ εH

εs∗

ε− εs∗

εs∗ + φs
dG(ε)

]
for all s ∈ N(C31)

max(ω/λb, 1) = 1 + αsθ

∫ εH

εs∗

ε− εs∗

εs∗ + φs
dG(ε) for all s ∈ N(C32)

Zλs =
G (εs∗)As

1−G (εs∗)
(εs∗ + φs) for all s ∈ N(C33)

1− λb =
∑
s∈N

λs.(C34)

This is a system of 3N + 2 independent equations in the 3N + 2 unknowns,{
{φs, ε∗s, λs}s∈N , λb, Z

}
. Conditions (C30) and (C31) imply (C24) and (C25). It

is easy to check there exists a unique εs∗ ∈ (εL, εH) provided µ ∈ (β̄, µ̄s). Given
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{φs, ε∗s}s∈N, conditions (C32)-(C34) need to be solved for
{
{λs}s∈N , λb, Z

}
. Con-

ditions (C33) imply the values of {Zλs}
s∈N

. Conditions (C31) and (C32) imply

max(ω/λb, 1) = µ/β̄, and since β̄ < µ, this implies (C27) and (C28). Finally,
condition (C34) implies (C26) and therefore (C33) implies (C29).

COROLLARY 4: Consider the economy of Proposition 7. Let {εs∗ (µ) , φs (µ)}s∈N
denote the vector {εs∗, φs}s∈N that solves (C24) and (C25) for a given µ, and let

Z (µ) ≡
∑
s∈N

G [εs∗ (µ)]As

1−G [εs∗ (µ)]
[εs∗ (µ) + φs(µ)] .

(i) The monetary authority can implement any real balance Z ∈ [0,∞).
(ii) For any µ0 ∈

(
β̄, µ̄∗

)
, any equilibrium aggregate real balance Z ∈ (Z0,∞),

where Z0 = Z (µ0), can be implemented in a way that it is independent of the
money growth rate, µ, for any µ ∈ (µ0, µ̄

∗).
(iii) Any equilibrium aggregate real balance Z0 ∈ (0,∞) can be implemented

independently of the money growth rate, µ, provided µ ∈ (µ0, µ̄
∗), where µ0 is the

unique solution to Z (µ0) = Z0.

PROOF OF COROLLARY 4:
(i) Fix ω. From (C25), it is clear that by varying µ in the interval

(
β̄, µ̄∗

)
, the

monetary authority can implement εs∗ = εL, as well as εs∗ = εH for all s ∈ N.
The result then follows from (C26).

(ii) Fix µ0 ∈
(
β̄, µ̄∗

)
and let Z0 = Z (µ0). Then for any Z ∈ (Z0,∞), set

(C35) ω =

(
1− Z (µ)

Z

)
µ

β̄
.

Clearly, ω ∈
(
0, µ/β̄

)
for any µ ∈ (µ0, µ̄

∗). To conclude, notice that for any µ ∈
(µ0, µ̄

∗), the bond policy (C35) implements the constant aggregate real balance
Z.

(iii) Fix Z0 ∈ (0,∞) and let µ0 denote the unique solution to Z (µ0) = Z0.
Then for any µ ∈ (µ0, µ̄

∗), set

(C36) ω =

(
1− Z (µ)

Z0

)
µ

β̄
.

Clearly, ω ∈
(
0, µ/β̄

)
for any µ ∈ (µ0, µ̄

∗), and the bond policy (C36) implements
the constant aggregate real balance Z0.
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Appendix D: Robustness

In this section we perform several robustness checks on the empirical and quan-
titative analyses.

D1. Delayed return response

Our quantitative theory predicts that returns of more liquid stocks are more
responsive than returns of less liquid stocks to monetary policy shocks on the an-
nouncement day, and that these differences persist beyond the announcement day.
The prediction for announcement days is in line with the empirical estimations
we have carried out in Section IV.B and Section IV.C. However, the evidence in
those sections may also be consistent with an alternative hypothesis, namely, that
while the more liquid stocks may experience a stronger reaction than less liquid
stocks on the day of the announcement, this differential response would dissipate
if we gave the less liquid stocks more time to react. We have already pointed
out (see footnote 38) that this hypothesis is at odds with the VAR evidence in
Section IV.D. In this section we redo the estimations in Section IV.B and Section
IV.C by looking at two-day cumulative returns after the announcement, and find
no support for the alternative hypothesis.

For j = 1, 2, .., define the cumulative marketwide stock return between day t
and day t+ j, by R̄It,t+j ≡

∏j
k=1R

I
t+k, the cumulative return of stock s between

day t and day t + j, by R̄st,t+j ≡
∏j
k=1R

s
t+k, and the change in the 3-month

Eurodollar future rate between day t and day t+ j, with ∆it,t+j ≡ it+j − it.
The first exercise we conduct consists of estimating the marketwide regression

(D1) R̄It−1,t−1+j = a+ b∆it−1,t−1+j + εt−1+j ,

for t ∈ S1, with j = 2, where εt−1+j is an exogenous shock to the asset return.
Notice (19) is a special case of (D1) with j = 1. The second exercise consists of
estimating

(D2) R̄st−1,t−1+j = a+ b∆it−1,t−1+j + εt−1+j

with j = 2, for t ∈ S1 and s = 1, ..., 20, where s represents each of the twenty
liquidity portfolios constructed in Section IV.C, and εt−1+j is an exogenous shock
to the asset return. Since we want to estimate the effects of the day-t policy
surprise on the cumulative return between the end of day t − 1 and the end of
day t + 1, we instrument for ∆it,t+j using the daily imputed change in the 30-
day federal funds futures rate from the level it has 20 minutes after the FOMC
announcement and the level it has 10 minutes before the FOMC announcement,
i.e., the variable zt as described in Appendix B (Section B.B2). That is, we
estimate b in (D1) and in (D2) using the following two-stage least squares (2SLS)
procedure. Define ∆iedt,t+j ≡ iedt+j − iedt , where iedt denotes the rate implied (for
day t) by the 3-month Eurodollar futures contract with closest expiration date
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at or after day t. First, run the regression ∆iedt−1,t−1+j = κ0 + κzt + ηt−1+j on
sample S1 (where ηt−1+j is an error term) to obtain the OLS estimates of κ0 and
κ, namely κ̂0 and κ̂. Second, construct the fitted values ẑt−1,t−1+j ≡ κ̂0 + κ̂zt and
run the regression (19) (or (D2)) setting ∆it−1,t−1+j = ẑt−1,t−1+j . The resulting
marketwide and portfolio-by-portfolio estimates are reported in Table D1. All
estimates are negative, and again, the magnitude of the response tends to be
stronger for more liquid portfolios. For example, the two-day return of portfolio
20 responds 2.23 times more than the two-day return of portfolio 1, while (from
Table 2) the announcement-day return of portfolio 20 responds 2.55 times more
than the announcement-day return of portfolio 1. Thus, even much of the tilting
in the announcement-day return responses to the policy shock is still noticeable
when looking at two-day cumulated returns.

The third exercise we conduct consists of estimating the following regression of
delayed individual stock returns (for the universe of stocks listed in the NYSE) on
changes in the policy rate, an interaction term between the change in the policy
rate and individual stock daily turnover rate, and several controls, i.e.,

R̄st−1,t−1+j = β0 + β1∆it−1,t−1+j + β2T st + β3 (∆it−1,t−1+j −∆i)× T̄ st
+Ds +Dt + β4 (∆it−1,t−1+j)

2 + β5 (T st )2 + εst−1,t−1+j ,(D3)

with j = 2, for all t ∈ S1 and all individual stocks, s, where Ds is a stock fixed
effect, Dt is a quarterly time dummy, and εst−1,t−1+j is the error term corre-

sponding to stock s on policy announcement day t, T̄ st ≡ T st − T , and ∆i and
T denote the sample averages of ∆it−1,t−1+j and T st , respectively. We estimate
seven different specifications based on (D3). These seven specifications corre-
spond to specifications (I), (II), (III), (IV), (VI), (VII), and (VIII) in Section
IV.C. In every specification, the measure of daily turnover of a stock s, namely
T st , is measured as in the estimation of (20). In specification (I), ∆it−1,t−1+j is
instrumented for with zt, as explained above. In all other specifications, we proxy
for ∆it−1,t−1+j ≡ v1

t−1,t−1+j and (∆it−1,t−1+j −∆i)× T̄ st ≡ v2
t−1,t−1+j as follows.

We first run the following two regressions (i.e., for i = 1, 2)

(D4) vit−1,t−1+j = κi0 + κi1zt + κi2 (zt × T st ) + ηit−1+j

on sample S1 (where ηit−1+j is an error term) to obtain the OLS estimates of(
κi0, κ

i
1, κ

i
2

)
i=1,2

, namely
(
κ̂i0, κ̂

i
1, κ̂

i
2

)
i=1,2

. We then construct the fitted values

v̂it−1,t−1+j ≡ κi0 +κi1zt +κi2 (zt × T st ) for i = 1, 2, and run the regression (D3) set-

ting ∆it−1,t−1+j = v̂1
t−1,t−1+j and (∆it−1,t−1+j −∆i) × T̄ st = v̂2

t−1,t−1+j . When-

ever (∆it−1,t−1+j)
2 appears in a particular specification of (D3), we also include

z2
t as an additional regressor in the first-stage regressions (D4).
The results are in Table D2. The estimate of interest, β3, is large, negative, and

statistically significant in all specifications. This means that the magnitude of the
negative effect of unexptected changes in the policy rate on two-day cumulated
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equity returns is still larger for stocks with higher turnover liquidity.

D2. Disaggregative announcement-day effects with additional controls

In addition to the specifications (I)-(IX) of (20) discussed in Section IV.C, in
this section we report the results of three more specifications, labeled (X), (XI),
and (XII), that incorporate additional control variables. The general regression
we fit is now

Rst = β0 + β1∆it + β2T st + β3T st ×∆it

+Ds +Dt +DI + β4(∆it)
2 + β5(T st )2

+ β6β
s
1t + β7βs1t ×∆it

+ β8β
s
2t + β9βs2t ×∆it

+ β10β
s
3t + β11βs3t ×∆it

+ β12L
s
t + β13Lst ×∆it + εst,(D5)

where DI is a dummy for the Fama-French ten-industry classification, Lst is the
measure of the bank leverage of company s at date t constructed by Ippolito,
Ozdagli and Perez-Orive (2018), and βsjt is the “beta” corresponding to factor
“fj,t” with j ∈ {1, 2, 3} for announcement day t that we estimated from the multi-
factor regression (B3) (recall f1,t = MKTt, f2,t = HMLt, and f3,t = SMBt; see
Section B.B3 for details).16 All other variables are as defined in Section IV.C. Also
as in Section IV.C, a “” on top of a variable denotes deviation from the sample
average, i.e., βsjt ≡ (βsjt−βj) and Lst ≡ (Lst − L), where βj and L denote the sample
averages of βsjt and Lst . The industry dummy DI addresses the potential concern
that the turnover rate of a stock may be correlated with the industry to which the
stock belongs. Incorporating the annuoncement-date “betas” {βsjt}3j=1 addresses
the potential concern that the differential return response to policy rate shocks for
stocks with different turnover liquidity may be driven by heterogeneous exposure
to other aggregate factors. Specifically the betas {βsjt}3j=1 control for the effects
on stock returns of the three standard Fama-French factors—after controlling
for the risk exposure to aggregate turnover of the stock market (as captured by
βs0 in (B3)).17 The additional control variable, bank leverage Lst , addresses the
potential concern that the differential return responses that we attribute to the
turnover rate of a stock may instead reflect some other fundamentals of a firm,
such as its reliance on debt.

Specifications (I)-(IX) are as in Section IV.C. Specification (X) adds DI to

16In Section B.B3 we used βsj (k) to denote the estimate for the beta corresponding to factor j for

stock s, estimated on the sample consisting of all trading days between the policy announcement days
tk−1 and tk. Since tk is the date of the kth announcement, we have βsjtk = βsj (k).

17Because the Fama-French factors are reduced-form factors that may partly capture partly the effect
of the turnover liquidity transmission mechanism, we control for the return exposure to the aggregate
turnover rate in order to obtain the betas that are net of the influence of the turnover liquidity factor.



VOL. VOLUME NO. ISSUE 53

specification (IX). Specification (XI) adds {βsjt}3j=1 and the corresponding cross

terms, {βsjt × ∆it}3j=1, to specification (X). Specification (XII) adds Lst and the

cross term Lst ×∆it to specification (XI). In every case, the coefficient of interest
is β3.

The results for specifications (I)-(XI) for our baseline sample period (January
3, 1994 through December 31, 2007) are reported in Table D3. The results for
specification (XII) reported in Table D4 are estimated for the sample period June
26, 2002 to December 31, 2007 since the company-specific leverage data from
Ippolito, Ozdagli and Perez-Orive (2018) starts on June 26, 2002. For comparison
purposes, in Table D4 we also report the results of specifications (IX), (X), and
(XI) for the same sample period. The main conclusion is that in all specifications,
the estimate of β3 is negative, large in magnitude, and significant.

D3. NASDAQ stocks

In this section we use daily time series for all individual stocks in the National
Association of Securities Dealer Automated Quotation system (NASDAQ) from
CRSP to estimate the aggregate and disaggregative return responses of Section
IV.C for the same sample period. We perform the same estimations as in Section
IV.C. The estimates for marketwide return and turnover are reported in Table
D5, which is analogous to Table 1. The estimates obtained from the portfolio-
by-portfolio regressions are reported in Table D6, which is analogous to Table 2.
The estimates from the nine specifications based on (20) are reported in Table D7,
which is analogous to Table 3. The tilting in returns across liquidity portfolios in
response to the monetary policy shock is even stronger than for the NYSE stocks.

D4. Value-weighted returns

Let P denote a portfolio of stocks, i.e., a collection of stocks, each denoted by
s, and let N (P) denote the number of stocks in P. In the portfolio-by-portfolio
regressions of Section IV.C, we defined the average return of portfolio P on day t
as ∑

s∈P

1

N (P)
Rst .

In this section we redo the same estimations using the value-weighted return,
defined as ∑

s∈P
ωstRst ,

with

ωst ≡
P st−1K

s
t∑

i∈P P
i
t−1K

i
t

,

where Ks
t denotes the number of outstanding shares for stock s on day t. The

results for the NYSE are summarized in Table D8. All the estimates are negative,
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as predicted by the theory. Also, the magnitude of the (statistically significant)
estimates tends to increase with the turnover liquidity of the portfolio.

D5. Results for the 2002-2007 subsample

The empirical finding that surprise increases in the nominal policy rate cause
sizable reductions in real stock returns on announcement days of the FOMC is
well established for sample periods ranging roughly from the early 1990’s until
2002. For example, Bernanke and Kuttner (2005) use a sample that runs from
June 1989 to December 2002, and Rigobon and Sack (2004) use a sample that runs
from January 1994 to November 2001. We have found that both their empirical
results for stocks, and our additional findings regarding the turnover-liquidity
mechanism, hold for the longer sample that runs from January 1994 to December
2007. Table D9 reports the estimates for specifications (I)-(IX) of (20), for the
sample period 2002-2007. The table shows that our empirical findings, and the
results for stocks in Bernanke and Kuttner (2005) and Rigobon and Sack (2004)
also hold for this more recent subsample.

D6. Nominal-real interest rate passthrough

In the baseline calibration of Section V we set w = .8, which implies a 100
bp increase in the nominal rate is associated with a 80 bp increase in the real
rate and a 20 bp increase in expected inflation. As a robustness check we have
also set w = 1 and recalibrated the model to fit the same data targets as the
baseline calibration, and found that the quantitative performance of the theory
is very similar to the case with w = .8. Here we report results for the case
with w = 0, which implies a 100 bp increase in the nominal rate is associated
with a 100 bp increase in expected inflation and the real rate remains constant.
Specifically, we consider an economy with w = 0, recalibrate the model to fit the
same data targets as the baseline calibration, and carry out Exercise 1 as described
in Section V.C. The theory is able to generate most of the announcement-day
tilting in cross-sectional returns. The results are shown in Figure D1.
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Table D1—Two-day responses of stock returns to monetary policy for liquidity portfolios

(HFIV estimates).

Return
Portfolio Estimate Std dev
1 -4.20 1.21
2 -4.15 1.25
3 -4.61 1.29
4 -4.35 1.32
5 -4.87 1.41
6 -4.45 1.54
7 -5.25 1.43
8 -4.91 1.55
9 -4.65 1.65
10 -5.90 1.64
11 -6.07 1.47
12 -6.06 1.70
13 -6.80 1.59
14 -6.12 1.57
15 -7.79 1.66
16 -7.08 1.78
17 -8.91 2.07
18 -9.32 1.97
19 -8.90 2.19
20 -9.35 2.56
NYSE -6.18 1.49
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Appendix E: Literature

The empirical component of our paper (Section IV) is related to a large empir-
ical literature that studies the effect of monetary policy shocks on asset prices.
Like many of these studies, we identify monetary policy shocks by focusing on the
reaction of asset prices in a narrow time window around FOMC monetary policy
announcements. Cook and Hahn (1989), for example, use this kind of event-study
identification strategy (with an event window of one day) to estimate the effects
of changes in the federal funds rate on bond rates. Kuttner (2001) conducts
a similar analysis but shows the importance of focusing on unexpected policy
changes, which he proxies for with federal funds futures data. Cochrane and Pi-
azzesi (2002) estimate the effect of monetary policy announcements on the yield
curve using a one-day window around the FOMC announcement and the daily
change in the one-month Eurodollar rate to proxy for unexpected changes in the
federal funds rate target. Bernanke and Kuttner (2005) use daily event windows
around FOMC announcements to estimate the effect of unexpected changes in
the federal funds rate (measured using federal funds futures data) on the return
of broad stock indices. Gürkaynak, Sack and Swansonc (2005) focus on intra-
day event windows around FOMC announcements (30 minutes or 60 minutes
wide) to estimate the effects on the S&P500 return and several Treasury yields
of unexpected changes in the federal funds target and “forward guidance” (i.e.,
information on the future path of policy contained in the announcement). More
recently, Hanson and Stein (2015) estimate the effect of monetary policy shocks
on the nominal and real Treasury yield curves using a two-day window around the
announcement. Nakamura and Steinsson (2018) also estimate the effects of mon-
etary policy shocks on the nominal and real Treasury yield curves, but they use a
30-minute window around the announcement. Gertler and Karadi (2015) also use
a 30-minute window around the announcement to estimate the response of bond
yields and credit spreads to monetary policy shocks. Rigobon and Sack (2004)
propose a heteroskedasticity-based estimator to correct for possible simultaneity
biases remaining in these event-study regressions.

Relatively fewer papers have attempted to identify the precise mechanism through
which surprise increases in the federal funds rate lead to a reduction in stock
prices. Bernanke and Kuttner (2005), for example, take one step in this direction
by analyzing the response of more disaggregated indices, in particular 10 industry-
based portfolios. They find that the precision of their estimates is not sufficient
to reject the hypothesis of an equal reaction for all 10 industries. Firms differ
along many dimensions, however, and a number of studies have focused on how
these may be related to different responses of their stock prices to policy shocks.
Ehrmann and Fratzscher (2004), for example, find that firms with low cash flows,
small firms, firms with low credit ratings, firms with high price-earnings multi-
ples, or firms with high Tobin’s q exhibit a higher sensitivity to monetary policy
shocks. Ippolito, Ozdagli and Pérez Orive (2013), Ippolito, Ozdagli and Perez-
Orive (2018) find that the stock prices of bank-dependent firms that borrow from
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financially weaker banks display a stronger sensitivity to monetary policy shocks,
while bank-dependent firms that hedge against interest rate risk display a lower
sensitivity to monetary policy shocks. Gorodnichenko and Weber (2016) doc-
ument that after monetary policy announcements, the conditional volatility of
stock market returns rises more for firms with stickier prices than for firms with
more flexible prices. Relative to this literature, our contribution is to document
and offer a theory of the turnover-liquidity transmission mechanism that channels
monetary policy to asset prices.

From a theoretical standpoint, the model we develop in this paper bridges
the search-theoretic monetary literature that has largely focused on macro issues
and the search-theoretic financial OTC literature that focuses on microstructure
considerations. Specifically, we embed an OTC financial trading arrangement
similar to Duffie, Gârleanu and Pedersen (2005) into a Lagos and Wright (2005)
economy. Despite several common ingredients with those papers, our formulation
is different from previous work along two important dimensions.

In the standard formulations of the Lagos-Wright framework, money (and some-
times other assets) are used as payment instruments to purchase consumption
goods in bilateral markets mediated by search. We instead posit that money is
used as a medium of exchange in OTC markets for financial assets. In the stan-
dard monetary model, money and other liquid assets help to allocate goods from
producers to consumers, while in our current formulation, money helps to allocate
financial assets among traders with heterogeneous valuations. This shift in the
nature of the gains from trade offers a different perspective that delivers novel
insights into the interaction between monetary policy and financial markets. For
example, from a normative standpoint, the new perspective emphasizes a new
angle on the welfare cost of inflation that is associated with the distortion of the
optimal allocation of financial assets across investors with high and low valuations
when real balances are scarce. From a positive perspective, it explains the pos-
itive correlation between nominal bond yields and real equity yields, something
that the conventional formulation in which monetary or real assets are used to
buy consumption goods cannot do.

As a model of financial trade, an appealing feature of Duffie, Gârleanu and
Pedersen (2005) is its realistic OTC market structure consisting of an interdealer
market and bilateral negotiated trades between investors and between investors
and dealers. In Duffie, Gârleanu and Pedersen (2005), agents who wish to buy
assets pay sellers with linear-utility transfers. In addition, utility transfers from
buyers to sellers are unconstrained, so effectively there is no bound on what buyers
can afford to purchase in financial transactions. Our formulation keeps the ap-
pealing market structure of Duffie, Gârleanu and Pedersen (2005) but improves
on its stylized model of financial transactions by considering traders who face
standard budget constraints and use fiat money to purchase assets. These mod-
ifications make the standard OTC formulation amenable to general equilibrium
analysis and deliver a natural transmission mechanism through which monetary
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policy influences asset prices and the standard measures of financial liquidity that
are the main focus of the microstructure strand of the OTC literature.

Our theoretical work is related to several previous studies, e.g., Geromichalos,
Licari and Suárez-Lledó (2007), Lagos (2010a,b, 2011), Jacquet and Tan (2012),
Lagos and Rocheteau (2008), Lester, Postlewaite and Wright (2012), and Nosal
and Rocheteau (2013), which introduce a real asset that can (at least to some
degree) be used along with money as a medium of exchange for consumption
goods in variants of Lagos and Wright (2005). These papers identify the liquidity
value of the asset with its usefulness in exchange and find that when the asset is
valuable as a medium of exchange, this manifests itself as a “liquidity premium”
that makes the real asset price higher than the expected present discounted value
of its financial dividend. High anticipated inflation reduces real money balances;
this tightens bilateral trading constraints, which in turn increases the liquidity
value and the real price of the asset. In contrast, we find that real asset prices are
decreasing in the rate of anticipated inflation. There are some models that also
build on Lagos and Wright (2005) where agents can use a real asset as collateral
to borrow money that they subsequently use to purchase consumption goods. In
those models, anticipated inflation reduces the demand for real balances, which in
turn can reduce the real price of the collateral asset needed to borrow money (see,
e.g., He, Wright and Zhu (2015), and Li and Li (2013)). The difference is that in
our setup, inflation reduces the real asset price by constraining the reallocation of
the financial asset from investors with low valuations to investors with relatively
high valuations.18

We share with two recent papers, Geromichalos and Herrenbrueck (2016) and
Trejos and Wright (2016), the general interest in bringing models of OTC trade
in financial markets within the realm of modern monetary general equilibrium
theory. Trejos and Wright (2016) offer an in-depth analysis of a model that nests
Duffie, Gârleanu and Pedersen (2005) and the prototypical “second generation”
monetary search model with divisible goods, indivisible money, and a unit up-
per bound on individual money holdings (e.g., Shi (1995) or Trejos and Wright
(1995)). Trejos and Wright (2016) emphasize the different nature of the gains
from trade in both classes of models. In monetary models, agents value consump-
tion goods differently and use assets to buy goods, while in Duffie, Gârleanu and
Pedersen (2005), agents trade because they value assets differently, and goods
that are valued the same by all investors are used to pay for asset purchases. In
our formulation, there are gains from trading assets, as in Duffie, Gârleanu and
Pedersen (2005), but agents pay with money, as in standard monetary models.
Another difference with Trejos and Wright (2016) is that rather than assuming
indivisible assets and a unit upper bound on individual asset holdings, as in Shi

18In the model that we have developed here, money is the only asset used as means of payment. It
would be straightforward, however, to enrich the asset structure so that investors may choose to carry
other real assets that can be used as means of payment in the OTC market, e.g., along the lines of Lagos
and Rocheteau (2008) or Lagos (2010a,b, 2011). As long as money is valued in equilibrium, we anticipate
that the main results emphasized here would continue to hold.
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(1995), Trejos and Wright (1995), and Duffie, Gârleanu and Pedersen (2005), we
work with divisible assets and unrestricted portfolios, as in Lagos and Wright
(2005) and Lagos and Rocheteau (2009).

Geromichalos and Herrenbrueck (2016) extend Lagos and Wright (2005) by
incorporating a real asset that by assumption cannot be used to purchase goods
in the decentralized market (as usual, at the end of every period agents choose
next-period money and asset portfolios in a centralized market). The twist is that
at the very beginning of every period, agents learn whether they will want to buy
or sell consumption goods in the subsequent decentralized market, and at that
point they have access to a bilateral search market where they can retrade money
and assets. This market allows agents to rebalance their positions depending
on their need for money, e.g., those who will be buyers seek to buy money and
sell assets. So although assets cannot be directly used to purchase consumption
goods as in Geromichalos, Licari and Suárez-Lledó (2007) or Lagos and Rocheteau
(2008), agents can use assets to buy goods indirectly, i.e., by exchanging them
for cash in the additional bilateral trading round at the beginning of the period.
Geromichalos and Herrenbrueck use the model to revisit the link between asset
prices and inflation. Mattesini and Nosal (2016) study a related model that
combines elements of Geromichalos and Herrenbrueck (2016) and elements of
Lagos and Zhang (2015) but considers a new market structure for the interdealer
market.

The fact that the equilibrium asset price is larger than the expected present dis-
counted value that any agent assigns to the dividend stream is reminiscent of the
literature on speculative trading that can be traced back to Harrison and Kreps
(1978). As in Harrison and Kreps and more recent work, e.g., Scheinkman and
Xiong (2003b,a) and Scheinkman (2013), speculation in our model arises because
traders have heterogeneous asset valuations that change over time: investors are
willing to pay for the asset more than the present discounted value that they
assign to the dividend stream, in anticipation of the capital gain they expect
to obtain when reselling the asset to higher-valuation investors in the future. In
terms of differences, in the work of Harrison and Kreps or Scheinkman and Xiong,
traders have heterogeneous stubborn beliefs about the stochastic dividend pro-
cess, and their motive for trading is that they all believe (at least some of them
mistakenly) that by trading the asset they can profit at the expense of others.
In our formulation, traders simply have stochastic heterogeneous valuations for
the dividend, as in Duffie, Gârleanu and Pedersen (2005). Our model offers a
new angle on the speculative premium embedded in the asset price, by showing
how it depends on the underlying financial market structure and the prevailing
monetary policy that jointly determine the likelihood and profitability of future
resale opportunities. Through this mechanism, our theory can generate a posi-
tive correlation between trade volume and the size of speculative premia, a key
stylized fact that the theory of Scheinkman and Xiong (2003a) also explains. In
Lagos and Zhang (2015) we use a model similar to the one developed in this paper
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to explain the correlation between the real yield on stocks and the nominal yield
on Treasury bonds at low frequencies—a well known puzzling empirical observa-
tion often referred to as the “Fed Model.” In that paper we also show the model
can exhibit rational expectations dynamic sunspot equilibria with recurring belief
driven events that resemble liquidity crises, i.e., times of sharp persistent declines
in asset prices, trade volume, and dealer participation in market-making activity,
accompanied by large increases in spreads and abnormally long trading delays.
Asriyan, Fuchs and Green (2018) also study dynamic sunspot equilibria in an en-
vironment where the value of the asset is determined by a resale value option as
in Harrison and Kreps (1978), but their key mechanism emphasizes information
frictions (adverse selection) rather than OTC-style search frictions.

Piazzesi and Schneider (2016) also emphasize the general idea that the cost
of liquidity can affect asset prices. In their model, the cost of liquidity to end
users depends on the cost of leverage to intermediaries, while our model and
our empirical work instead center on the role of the nominal policy rate, which
represents the cost of holding the nominal assets used routinely to settle financial
transactions (e.g., bank reserves, real money balances).



70 THE AMERICAN ECONOMIC REVIEW MONTH YEAR

REFERENCES

Afonso, Gara, and Ricardo Lagos. 2014. “An Empirical Study of Trade Dy-
namics in the Fed Funds Market.” Federal Reserve Bank of Minneapolis Work-
ing Paper 708.

Asriyan, Vladimir, William Fuchs, and Brett S Green. 2018. “Sentiment,
Liquidity and Asset Prices.” Working Paper.

Barlevy, Gadi. 2007. “Economic Theory and Asset Bubbles.” Economic Per-
spectives (Federal Reserve Bank of Chicago), 31(3): 44–59.

Bernanke, Ben S, and Kenneth N Kuttner. 2005. “What Explains the Stock
Market’s Reaction to Federal Reserve Policy?” Journal of Finance, 60(3): 1221–
1257.

Brunnermeier, Marcus K. 2008. “Bubbles.” In The New Palgrave Dictionary
of Economics. Basingstoke: Palgrave Macmillan.

Cochrane, John H, and Monika Piazzesi. 2002. “The Fed and Interest Rates:
a High-Frequency Identification.” American Economic Review, 92(2): 90–95.

Cook, Timothy, and Thomas Hahn. 1989. “The Effect of Changes in the
Federal Funds Rate Target on Market Interest Rates in the 1970s.” Journal of
Monetary Economics, 24(3): 331–351.
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Debt Special for the Transmission of Monetary Policy? Evidence from the
Stock Market.” Federal Reserve Bank of Boston Working Paper.

Ippolito, Filippo, Ali K Ozdagli, and Ander Perez-Orive. 2018. “The
Transmission of Monetary Policy through Bank Lending: The Floating Rate
Channel.” Journal of Monetary Economics, 95: 49–71.

Jacquet, Nicolas L, and Serene Tan. 2012. “Money and asset prices with
uninsurable risks.” Journal of Monetary Economics, 59(8): 784–797.

Kilian, Lutz. 2008a. “The Economic Effects of Energy Price Shocks.” Journal
of Economic Literature, 46(4): 871–909.

Kilian, Lutz. 2008b. “Exogenous Oil Supply Shocks: How Big Are They and
How Much Do They Matter for the US Economy?” Review of Economics and
Statistics, 90(2): 216–240.

Kuttner, Kenneth N. 2001. “Monetary Policy Surprises and Interest Rates:
Evidence from the Fed Funds Futures Market.” Journal of Monetary Eco-
nomics, 47(3): 523–544.

Lagos, Ricardo. 2010a. “Asset Prices and Liquidity in an Exchange Economy.”
Journal of Monetary Economics, 57(8): 913–930.



72 THE AMERICAN ECONOMIC REVIEW MONTH YEAR

Lagos, Ricardo. 2010b. “Some Results on the Optimality and Implementation
of the Friedman Rule in the Search Theory of Money.” Journal of Economic
Theory, 145(4): 1508–1524.

Lagos, Ricardo. 2011. “Asset Prices, Liquidity, and Monetary Policy in an
Exchange Economy.” Journal of Money, Credit and Banking, 43: 521–552.

Lagos, Ricardo, and Guillaume Rocheteau. 2008. “Money and Capital as
Competing Media of Exchange.” Journal of Economic Theory, 142(1): 247–258.

Lagos, Ricardo, and Guillaume Rocheteau. 2009. “Liquidity in Asset Mar-
kets With Search Frictions.” Econometrica, 77(2): 403–426.

Lagos, Ricardo, and Randall Wright. 2005. “A unified framework for mone-
tary theory and policy analysis.” Journal of Political Economy, 113(3): 463–484.

Lagos, Ricardo, and Shengxing Zhang. 2015. “Monetary Exchange in Over-
the-Counter Markets: A Theory of Speculative Bubbles, the Fed Model, and
Self-Fulfilling Liquidity Crises.” NBER Working Paper 21528.

Lester, Benjamin, Andrew Postlewaite, and Randall Wright. 2012. “In-
formation, liquidity, asset prices, and monetary policy.” The Review of Eco-
nomic Studies, 79(3): 1209–1238.

Li, Ying-Syuan, and Yiting Li. 2013. “Liquidity and Asset Prices: A New
Monetarist Approach.” Journal of Monetary Economics, 60(4): 426–438.

Mattesini, Fabrizio, and Ed Nosal. 2016. “Liquidity and Asset Prices in
a Monetary Model with OTC Asset Markets.” Journal of Economic Theory,
164: 187–217.

Mertens, Karel, and Morten O Ravn. 2013. “The Dynamic Effects of Per-
sonal and Corporate Income Tax Changes in the United States.” The American
Economic Review, 1212–1247.

Nakamura, Emi, and Jón Steinsson. 2018. “High Frequency Identification
of Monetary Non-Neutrality: The Information Effect.” Quarterly Journal of
Economics, 133(3): 1283–1330.

Nosal, Ed, and Guillaume Rocheteau. 2013. “Pairwise Trade, Asset Prices,
and Monetary Policy.” Journal of Economic Dynamics and Control, 37(1): 1–
17.

Piazzesi, Monika, and Martin Schneider. 2016. “Payments, credit and asset
prices.” Working Paper.

Rigobon, Roberto, and Brian Sack. 2004. “The Impact of Monetary Policy
on Asset Prices.” Journal of Monetary Economics, 51(8): 1553–1575.



VOL. VOLUME NO. ISSUE 73
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Scheinkman, José, and Wei Xiong. 2003b. “Heterogeneous Beliefs, Specula-
tion and Trading in Financial Markets.” Paris-Princeton Lectures on Mathe-
matical Finance, 217.

Shi, Shouyong. 1995. “Money and Prices: a Model of Search and Bargaining.”
Journal of Economic Theory, 67(2): 467–496.

Stock, James H, and Mark W Watson. 2012. “Disentangling the Channels
of the 2007-2009 Recession.” NBER Working Paper 18094.

Trejos, Alberto, and Randall Wright. 1995. “Search, Bargaining, Money,
and Prices.” Journal of Political Economy, 103(1): 118–41.

Trejos, Alberto, and Randall Wright. 2016. “Search-Based Models of Money
and Finance: An Integrated Approach.” Journal of Economic Theory, 164: 10–
31.

Xiong, Wei. 2013. “Bubbles, Crises, and Heterogeneous Beliefs.” NBER Work-
ing Paper 18905.


