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APPENDIX A: PROOFS
Al1. Portfolio problems

PROOF OF LEMMA 1:
Notice that (3) implies

WtD (a’t7 QDt) = d)tat + Pt + WtD7

(A1) WP = max_[-¢,a1 + BEVT (af}s,0a74)]
a1 €ERY

so (2) implies

WP (ar, 1) = o1 + WP + max ¢, a;

atER+
s.t. a" + pa; < a* + peaj.
Hence,
= a* + paj it 0 <ef
a* (ay) ¢ €10,a" +pra] if 0 =gy
=0 if e <0,
a; (ar) = (1/pe) [a" + prai — &;" (ar)]
and
(A2) WP (as, o) = max (61", ¢ /po) (af* + prag) + o + WP

Also, notice that (4) implies

(A3) Wi (ar, 1) = pras — o + WY,
where
(A4) W/ =T, + max | — ¢,drs1

Q41 GRi

4 BB [ Vi (a0, 007+ (1 0) A% 2] dG(E)

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

0
_ 1 _
max [(ar —e)(a;* —ayy}) ;tyt — got] 90% 0

—m
a;,pt
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1
st. 0< ¢ < (ef —e) (@ —aly) —uy
bt
with @} = af, + (1/p:) (al} —@}"). Hence,
= ajy + prag, if e <egf
ay’ (ai,e) ¢ €10,a} +paly] ife=¢ef
=0 if e] <e,

@ (air,€) = ajy + (1/pe) [aif — " (@i, €)],

and )
ot (ait,e) = (1 —0) (e — &f) H{a;‘<e}]7ta;? - H{a<6;‘}aft Y-

This concludes the proof.
LEMMA 1: Let (&Z%H’ EleHl) and (dgﬂrl, ?zftﬂ) 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:

(45)

¢ > BE;max (¢, ¢fy1/pig1) , with “= " if af >0

(A6)

¢ > BOE; max (pt—s-lﬁbﬁ-pﬁbf-s-l) , with “= "7 if d;t—i—l >0

(A7)
EH 1

o7 > PE; | o7 + b (e —€f11) Y+1dG(e)— | , with “= 7 if ajy,, >0
€51 Pt+1

(A8)

€1
¢; > BOR, [éyt+1 + ¢jq + b / (6141 — &) Yyr+1dG(e) | , with “= 7 if a5, > 0.
€L

PROOF OF LEMMA :
With Lemma 1, we can write V;! (a;,¢) as

N 1
(A9) V() = faf (e - ) Ty ot oo
+{[+ ab (et = ) Leccyy] e + 05 o + WY
and V,” (a;) as

VtD (ar) = 04/80 (@it, €) dHrs (@i, €) + max (@7, o5 /pt) (af* + peay) + WtD'
t
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Since ¢ is i.i.d. over time, the portfolio that each investor chooses to carry
into period t + 1 is independent of €. Therefore, we can write dHp; (a,e) =
dFr (a;) dG (g), where Fpy 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) Vi (ar) = max (¢", 67 /p) (af + peai) + Vi” (0)

where

. 1 \ ]
VtD (0) =a(l-90) / (e —¢f) |:H{E;‘<€}ptAIt - H{s<e;}A1t dG () y¢ + WtD-

From (A10) we have

Vt]il (dﬁla 5df+1) = max (425;117 ¢f+1/1)t+1) (&?11 + Pt+15af+1) + Vt% (0) )

and from (A9) we have

‘/;{;’_1 [d?j_l, (Sdf+1 + (1 — 5) AS’ €:| dG (E)

€H 1 -
= a&/ (e —ery1) dG(e)——yey1 + o711 | A1y
i1 Pt+1
_ €t % s ~s
+44 |2 +/ af (41 —€) dG(e) | Y1 + Oy ¢ Qi1 + Gt
€L

where (11 = { {é—i— ab [ (g5, —¢) H{s<et*+1}dG (8)} Yry1 + qﬁfH} (1—0) AS+WL,.
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
* * 1 * *
(A11) {a[l -G ()] AT + x (£7,0) Ap, } P aG (ef) Aq + [1 = x (g7, 0)] Ay

PROOF OF LEMMA :

Recall A%, = [ aj (a;) dFpt (ay), so from Lemma 1, we have

Ai)t =X (¢7,0) (Ap; + AL /1) -
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Similarly, A%, = « [ @;(at,e)dHp(at, €), so from Lemma 1, we have
A = o[l = G ()] (A} + AL /pr) -

With these expressions, the market-clearing condition for equity in the dealer
market of period ¢, ie., AL, + A}, = A}, + @A}, can be written as in the
statement of the lemma.

AS8.  Equilibrium characterization

COROLLARY 1: A sequence of prices, {1/ps, o7, &7 }i2, together with bilateral
terms of trade in the OTC market, {@;, i }72,, dealer portfolios,

{{@at, @ai11, @ar1) gep Fimos

and investor portfolios, {(@it11,@it11);c7}io, 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

or(ane) = (1-8) (e — <) x(e:,a-);a;n— 1 - x(ehe)]af|
@ (ane) = [1 - x (e5,9)] (al" + prag)
@ (ane) = x (1.€) (1/pr) (@ + pras)

dt (at) = a; (at, 0) .

(ii) Interdealer market clearing
* m * m 1 * S * S
{alt =G )AL +x (0, 0) ABi} - = G () AL + [1 = x (&, 0)] Abe,

where ATt = [ ai*dFj (ay) and A%, = [ aidFj (ay) for j € {D,I}.
(i1i) Optimal end-of-period portfolios:

¢ > PE; max (ﬁbﬁla ¢f+1/pt+1)
@] > BOE; max (pr4107% 1, iy1)

EH . 1
i + a@/ (5 — €t+1) dG(e)—yi+1

€ Pt+1

o > PR,

€L

€i41
o7 = BOE, [€yt+1 + iy + a@/ (e741 — €) Ye+1dG(e)
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with

[d’t — PE; max (¢t+17 ¢t+1/pt+1)] agipq =0
(6] — BOE; max (pt+1¢t+lv Gi41)] @G =0

€H
{qﬁn — BE; ¢?11 + 069/ (5 - 5t+1) dG(e Z/t+1] } aipq =0

€§+1

s = s 5?+1 *
¢} — BOEy |Eyr1 + Py + 049/ (5t+1 yt+1dG i1 =0
er

foralld € D and alli € Z, and

@iy = Qi
@Gpq = 0050 + jjery (1 —0) A
d?tﬂ € Ry fork e {s,m}

forall j e DUL.
(iv) End-of-period market clearing

A1s 1s __As
D1+ A=A

Aim Aim _Am
ADer1 + Al = Al
Ak — ~k Ak — ~k
where A}, = [pag, dz and A}, = [;ab,,  dx 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 i and i as defined in (5). Then [i < [i.

PROOF OF LEMMA 3: . . ) o
Define T (¢) : R — R by T (¢) = B[1 + af(1 — 36)¢]. Let ¢ = 1=29E=9) anq

abé

so that 1 = T(¢) and i = T({). Since Y is strictly increasing,

765:(1?36)5 L’ X -
f < pif and only if ¢ < ¢. With (6) and the fact that & = ffLH edG (e) =
Ex

— JI G (e)de,

I

Je" - G(e)]de

(= :
5+oz9f G (g)de

so clearly,

é< fEE;{ [1 —_G(E)]d€ _ g_gL < {'

15 5

Hence, i < .
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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 ¢ € Z in the time ¢ Walrasian market are

¢f > BOEpyyq, “="ifaj, 14> 0
@7 > BOEy (Eye1 + ¢71), “ =" if agyq; > 0.

In a recursive equilibrium, E:(¢f,/¢f) = 7, and 365 < 1 is a maintained as-
sumption, so no dealer holds equity. The Walrasian market for equity can only

clear if ¢° = ﬁ(f%é This establishes parts (i) and (4i) in the statement of the

proposition.

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

(A12) p>pB, =" ifag;+1>0
(A13) ¢° > Bog°, “="if ajyy >0

B o * sfom
(A14) 2 ; |: o* T ¢s / (E — & )dG(E):| , “_" lf ait+1 > 0
(A15) ¢S>1€56 5+a9/ e —¢e)dG(e)|, “="ifaj, ;> 0.

(We have used the fact that, as will become clear below, ¢° = &* + ¢° > e +
¢° > ¢° in any equilibrium.) Under our maintained assumption 8 < p, (A12)
implies ay, , ; = Zp = 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, A%, + A%, = A%, + aA$,, must
hold for all three configurations. Lemma 2 shows that this condition is equivalent
to (A11) and in a recursive equilibrium (A11) reduces to

e* 4 ¢°

AT an-G@)

{aG () AT +[1 = x (7, 0)] Ap} -

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

Step 1: Try to construct a recursive monetary equilibrium with a3, , = 0 for
all d € D and a3, > 0 for some i € Z. The equilibrium conditions for this case
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are (12) together with

(A16) ¢° > oo
3 [ ab /eH }
A17 1l==1|1+ e—¢")dG(e
(A17) Sl [T e
(A18) ¢° = Bs £+ af /8* (e* —e)dG(e)
1- 55 £r
and
(A19) agsyq = 0 for all d € D
(A20) ajyyq > 0, with “> 7 for some ¢ € Z
(A21) gy = 0 for alld € D
(A22) ajyq > 0, with “ > for some i € 7.

Conditions (A17) and (A18) are to be solved for the two unknowns £* and ¢°.
Substitute (A18) into (A17) to obtain

[SH (e — %) dG(e)

)

e + 2L {é—i- af ffL* (e* —¢)dG(e)

(A23) 1=5[1+af

p

K )
1-35

which is a single equation in €*. Define

S (e—2)dG(e) pu-p

A24 T = _ .

( ) (z) 1_71661: ¢ 157%57% (z) Bab
with

(A25) T (z) Eé—x—i-oﬁ/x (x —€)dG(e),

and notice that * solves (A23) if and only if it satisfies T'(¢*) = 0. T is a
continuous real-valued function on [er,ep], with

5*8} _Mfﬁ
er+ 1og5E Bad’
n—B

Bab

T (er) =

T (em) =

<0,
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_ [17G(:v)]{a:+1§7%6 [§+a9 f;L G(s)ds] }+[J:H[1*G(€)]d€]{1+1?%609G(.’2)} <0

/ —
o= e it [proo 12, o]}

Hence, if T (e,) > 0, or equivalently, if u < i (with f is as defined in (5)), then
there exists a unique £* € (e, ep) that satisfies T (¢*) = 0 (and &* | er as u T ).
Once we know £*, ¢° is given by (A18). Given c* and ¢°, the values of Z, ¢°, ¢},
and p; are obtained using (12) (with A7 = A® and A}, = 0), (9), (10), and (11).
To conclude this step, notice that for this case to be an equilibrium, (A16) must
hold, or equivalently, using ¢° = &* 4+ ¢* and (A18), it must be that 7' (¢*) > 0,
where 7' is the continuous function on [ey,ep] defined in (A25). Notice that
T (z) = —[1—abG (z)] <0, and T (eg) = —(1—ab) (eg — &) <0 < e —ep, =
T (e1,), so there exists a unique € € (ep,,ep) such that 7' (&) = 0. (Since T' (&) > 0,
and T’ < 0, it follows that & < £&.) Then 7" () < 0 implies 7' (¢*) > 0 if and only
if e* < &, with “=” for e* = £. With (A24), we know that ¢* < ¢ if and only if
T(¢) <0=T(e%), i.e., if and only if

il (1—pB6)ab f;i{ (e —€)dG(e)

< .
E H

Since T' (&) = — (1 — ab) (¢ — &) + af JE" (e — €) dG(e) = 0, this last condition is

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

p € (f1, ).

Step 2: Try to construct a recursive monetary equilibrium with a3, ,, > 0 for
some d € D and a3, = 0 for all i € Z. The equilibrium conditions are (12),
(A17), (A19), and (A20), together with

(A26) ¢° = Bog"

5 <
(A27) ¢° > 1€55 5_—1—049/ (" —e)dG(e)|, “="ifaj , > 0.
€L
(A28) gy 1 => 0, with “> 7 for some d € D
(A29) i, =0, forallieT.

The conditions (A17) and (A26) are to be solved for * and ¢°. First use ¢°* =
£* 4+ ¢° in (A26) to obtain

(A30) ¢° = —¢c*.
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Substitute (A30) in (A17) to obtain

af (1 —B6) [ (e — %) dG(e)

8*

B
A31 1="=
(A31) L

)

which is a single equation in €*. Define

(1-538) [ (c—2)dG() -7
x Bab

(A32) R(z) =

and notice that ¢* solves (A31) if and only if it satisfies R(¢*) = 0. R is a
continuous real-valued function on [er, ], with

—(1_65)(5_5L) N_B
e €L ~ Bad
_ p—B
R(ep) =~ Bad
and y
R (2) = — [1-G(z)]x +1fx$2[1 ~GEld _
1-536

Hence, if R (e1,) > 0, or equivalently, if

/L<,B 1+Oz9(1—,35)(§—€L) _—
€L

then there exists a unique ¢* € (ep,ep) that satisfies R (e*) = 0 (and ¢* | ¢, as
w1 ). Having solved for €, ¢*° is obtained from (A30). Given * and ¢°, the
values of Z, ¢°, ¢, and p; are obtained using (12) (with A} = A% — AS = §A?),
(9), (10), and (11). Notice that for this case to be an equilibrium (A27) must hold,
or equivalently, using (A30), it must be that T (*) < 0, which in turn is equivalent
to € < e*. With (A32), we know that ¢ < &* if and only if R (e*) = 0 < R(é),
i.e., if and only if

af (1 —B6) [£ (e — &) dG(e)

p<pB 1+ -
5

)

which using 7' (£) = 0 can be written as u < ji. To summarize, the prices and
allocations constructed in this step constitute a recursive monetary equilibrium
provided g € (B, min (f1, u°)). To conclude this step, we show that 4 < fi <
¢, which together with the previous step will mean that there is no recursive
monetary equilibrium for g > 7 (thus establishing part (i7) in the statement of
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the proposition). It is clear that g < u°, and we know that 4 < i 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 p € (3, min (4, u°)) =
(5. ).

Step 3: Try to construct a recursive monetary equilibrium with a3, , > 0 for
some d € D and a;,, > 0 for some i € Z. The equilibrium conditions are (12),
(A17), (A18), (A19), (A20), and (A26) with

ajq > 0 and ayq > 0, with “ > " for some i € Z or some d € Z.

Notice that e* and ¢° are obtained as in Step 2. Now, however, (A18) must also
hold, which together with (A30) implies we must have T (¢*) = 0, or equivalently,
e* = £. In other words, this condition requires R (¢) = T (¢), or equivalently, we
must have p = fi. As before, the market-clearing condition (12) is used to obtain
Z, while (9), (10), and (11) imply ¢*, ¢, and p;, respectively. The allocations
and asset prices described in this step correspond to those in the statement of the
proposition for the case with u = fi.

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, €*, characterized in Proposition 1 is
strictly decreasing in the rate of inflation, i.e., %—i < 0 both for u € (B, 1) and
for we (i, ).

PROOF OF COROLLARY 2:

For yu € (B, f1), implicitly differentiate R (¢*) = 0 (with R given by (A32)),
and for p € (f1, i), implicitly differentiate T (¢*) = 0 (with T" given by (A24)) to
obtain

—_— 6*
Oe* Bab(1-p5)[1-G(e*)]+n—p
o ) - Bad [“H[1-G(e)]de
g {10 P50+ S} (o)’

Clearly, 9e*/0u < 0 for p € (B, 1) and for p € (fi, ji).

ifB<pu<in

if fp < p<p.

A4. Positive implications: asset prices
MONETARY POLICY

PROOF OF PROPOSITION 2:
Recall that 9e*/0u < 0 (Corollary 2). (i) From (8),

o¢°  Bo 0
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(i) Condition (9) implies d¢°/Ou = Oe*/Ou + 0¢°/Op < 0. (iii) From (12)
it is clear that 0Z/9e* > 0, so 0Z/0u = (0Z/9e*)(0e*/0u) < 0. From (10),
097" O = (ye/AY") 02/ 0 < 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.! 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 A 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 8 = (1 +rA)"1, 7 =1+ gA,
0 =1—dA, p=1+mA. Over a time period of length A, the dividend is y: A, and
consumption of the dividend good is ey A. In this context we focus on recursive
equilibria where, as A — 0, real asset prices are time-invariant linear functions
of the dividend rate, y;. Specifically, let ®f (A) and ®* (A) A" denote the real
equity price and the real aggregate money balance, respectively, in the discrete-
time economy with time periods of length A. We look for recursive equilibria of
this discrete-time economy such that ®5 (A) = ®° (A) A, &5 (A) = &% (A) A,
and " (A) A7 = Z (A) y: A, where ®° (A), ®° (A), and Z(A) are time-invariant
functions with the property that lima .o ®° (A) A = ¢*, ima 0 ®° (A) A = ¢°,
and lima 0 Z (A) A = Z, with ¢*, Z € R.2 The thresholds in (5) now generalize
to fi=1+mA and i =1+ mA, where

(1—ab)(é—&)(r—g+4d)

m= z —(r—g)
mEa@(E—sL)g(r—g—l—d) Cr—g).

Also, if we relabel p = B, we now have u =1+ mA, where m = g —r. Then
from part (iz) of Proposition 1, we know that a stationary monetary equilibrium
exists if m € [m,m). Notice that m < d, so m < d in any monetary equilibrium.

IThis 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 A =1, ¢ (1) = ¢7, 7" (1) = o7, ®° (1) = ¢°, and Z(1) = Z.
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The monetary equilibrium, i.e., (8), (9), (10), (12), and (13), generalize to

?; (A) = 2% (A) y:A

{ (1+9A)(1—dA) * ifm<m<nm

THrA—(1+gA)(1—dA)©

14+gA)(1—dA - Tk T 7
1+r(At!(]1+)éA)(1f)dA) [8 +af faEL (8 N E) dG(€) if i <m < m

B3 (A) = B° (A) A, with &° (A) = £* + &° (A)

o (A) =

aG (e%) A7 + A}, s
Z(A)yA = EIEGQ 2 A 0 (A)
and
JoH (e £1)dG(e) [(14mA)A4rA)—(1+gA)](14ra) 1 _o

€ +7(1+Q1A_££1 da) [5 € +a9f s*—s)dG(s)]H{m<m} [1+rA=(1+9A)(1-dA)|(1+gA) a@

As A — 0, these conditions become
(A33) ¢f = °y
(A34) of = ¢
Z
(A35) O = Yt

_aG( ) A5+ A3
(436) 7= all —G(e%)] )
(A37) 0— af [ZF (e —e*)dG(e) r—g+m

e* + [éfs*JraOffL* (5*—s)dG(5)} L) r—g+d’

where ¢ = lima_,0 @5 (A), ¢§ = lima_0 @5 (A), ¢ = lima 0 P (A), and

¢° =

T;+d€* ifm<m<m
Tg+d{5+oz0f e* —z—:)dG(s)} if < m < m.

COROLLARY 3: In any monetary equilibrium of the continuous-time economy,
O0e*/or < 0.

PROOF OF COROLLARY 3:
From (A37), it is clear that de*/dm < 0, and

Oe* d—m O&*

Or r—g+dom’
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In any monetary equilibrium, m < m < d, so 0¢*/0r < 0 in any monetary
equilibrium.

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

0¢* 1 . o Oe”
o m {—¢ =+ [H{m<m§fn} + LiememyadG (e )] ar } <0,

where the inequality follows from Corollary 3. (i) From (A36) it is clear that
0Z/0e* > 0, so 0Z/0r = (0Z/0e*)(0e*/0r) < 0. From (A35), d¢j"/0r =
(ye /A7) 0Z/or < 0.

OTC FRICTIONS: TRADING DELAYS AND MARKET POWER

PROOF OF PROPOSITION 4:
From condition (13),
oer ]
O (af) — Bab(1-BO)[1-G(e*)|+(n—PF){1+86[abC(e*) 1)l 15cpy

(A38) > 0.

(i) From (8),

=gy > 0 if B<p<p

d¢° 50
[fELG Jde +abG (%) 2| >0 if i< p < i

d (ab)

|
Q\ Q\
El qul

(ii) From (9), 06°/0 (af) = de* /0 (af)+0¢° /0 (ab) > 0. (dii) For u € (fi, i), (12)
implies 0Z/0a = (0Z/0e*) (0* /0ar) > 0, so 9] /O = (0Z)0ax) (yi /AT ) > 0.

Ab.  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., Aj,, is nonincreasing in the inflation rate.



14 THE AMERICAN ECONOMIC REVIEW MONTH YEAR

(ii) For any p close to 3, dealers’ provision of liquidity by accumulating assets is
nonmonotonic in ab, i.e., A}, = 0 for af close to 0 and close to 1, but A}, >0
for intermediate values of af.

PROOF:
(4) The result is immediate from the expression for A%, in Proposition 1. (i)
o

From (5) and (6),
a(ae):ﬁ(l_ﬁ‘s){u—aea )E /G }

Notice that 0fi/0 (af) approaches a positive value as af — 0 and a negative
value as o — 1. Also, i — 3 both when o — 0 and when af — 1. Hence,
p > =limgg_o ft = limag_s1 f for a range of values of af close to 0 and a range
of values of afl close to 1. For those ranges of values of afl, A}, = 0. In between
those ranges there must exist values of o) such that u < fi, which implies A7, > 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 (x > fi) 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 (u < fi), 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 «af. In particular,
dealers will not hold inventories if af is either very small or very large. If af 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 af 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:
(7) Differentiate (15) to get
oV <, 0"

i /[ _* s s
5y, = 206 (&) (40 = 8d) o

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

8V * s As

oe*
or

<0,

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

oV _ ! (% S __ SAS Oe*

) N ;s 0"
a—a—Q G (") +aG (E)aa

(A5 — 643,

and both are positive since 9¢*/0 (af) > 0 (see (A38)).
BID-ASK SPREADS

Bid-ask spreads and intermediation fees are a popular measure of market lig-
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 ¢; (at,€) that is linear in the trade
size. This means that when an investor with ¢ > &f wants to buy equity, the
dealer charges him an ask price, pf () = pp}* + (1 —0) (e — €f) y¢ per share.
When an investor with ¢ < ¢ wants to sell, the dealer pays him a bid price,

Pl (e) = pidi® — (1 —0) (ef —¢)y; per share. Define S (¢) = [J?(Z#ﬂtw and

m __ b
Sh(e) = M, i.e., the ask spread and bid spread, respectively, expressed

Pyt
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

e>c*is 8% (e) = (A=9)E—<") and the bid spread earned by a dealer when trading

e*+¢°
with an investor with ¢ < &* is S¥(g) = %. The average real spread

carned by dealers is S = [ [8%(¢) [{z+<c} + 8" () [{z<c+y] dG (). The change S
in response to changes in y or « is ambiguous in general.?

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 S (g) charged to buyers is decreasing in €* while the spread St (e)
charged to sellers may be increasing in €*. For example, if u € (,3, ﬂ), it is easy to show 98¢ (¢) /0e* =

—3S8? (e) Joe* < 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, o®. Consider the equilibrium conditions (C24) and (C25), that de-
termine ¢° and £%* 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

(A39) oMES r—;—kd £+ a’f /E (¥ — a)dG(a)]
(Ad0) asg 5 e7)dG(E) r—g+m

_5+a50f€L (e* —e)dG(e) T—g+d

Notice that (A39) and (A40), i.e., the equilibrium conditions that determine ¢*
and &% 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
m < m). For any = € [er, ep], define

en
Ip(z) = / (e —x)dG(e)
Is(x) = / (z —e)dG(e)
eL
and notice that Iy () = — [1 — G (z)] and Ig () = G (), so a first-order Taylor
approximation around zg € (e1,£x) gives
Ip (z) = Ip (z9) — [1 — G (z0)] (x — x0)
Is (x) = Is (z0) + G (x0) (x — ) .
Let e%* = &% (r,m,a®) € (EL,aH) denote the value of % that solves (A40) for

given (r,m,a®), and let e§* = & (rg,mo, o)) € (er,em) for some (rg,mo, af).
Use the Taylor approximation to get

(A41) (r—g+d)¢° =+ a0 [Is(e5") + G (") (¥ — 5"
r—g+m _ Ip(eg’) —[1 = G ()] (€™ — <)
(A42) rgtd " S ls(e) 1 Cle )(ES*— o
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Condition (A42) implies

17

Ip (§7) + [1 - G (e =" — (22) [ + Lo (87) — G () ef]

e’ (rym, o) =~

(553) G e) + 1 - G ()
and a first-order Taylor approximation gives

8&75* (To, myo, OJS)

(A43) e (rym,a®) m e’ + o (r—mo)
885* , , S
00 (g
0e®* (rg, mo, o
0 0:08) (ot — o),
where
aagy | Pmet) [ -Gl (r)e(e)  d—m
( ) 8 - r—gtm 2 2
r {(=)el) -6} (r—g+d)
=" (rom.a® G(eg") I8 (e5") +[1-G(<8") ][5 +1s (s57)]
(A45) Pelpmer) — 2 ]
’ g { (=g ) o)+ -0 ()]}
(=5%) e
(A46) 665*g;rsn,as) _ — r—g+ (a®)“0 ‘
(em) G (e + 11 -G )]
Conditions (A41) and (A43) imply
log¢® ~ —log (r — g +d)
+ log {5+ a’f {IS (e0") + G (") (85 (T(g;no’ i) (r—mo)
0e®* (o, mo, o) 0e** (10, Mo, ) , 4 s
+ B (m —mp) + Do (o — ) )

Without loss of generality, let m = mg; then

(A47)
Olog¢® 1
or  r—g+d

N 00 (e5r) 2 rymeed)

Oes* (ro ,mo ,ag)

E+ a0 |Ig (ef*) + G (g )(W(T—ro)—i— Ders

(@ =)
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and
(A48)

02 log ¢* B
dasor

{a—i-ase

From (A44), we see that in any monetary equilibrium, 9e®* (rg, mg, o) /Or < 0
(since m < m < d, in any monetary equilibrium), so it is clear from (A47) that
0log ¢®/0r < 0. This establishes part (i7) in the statement of the proposition.
By using (A46), we know that

(A49)

g— ()2 0G (e5%)

0 (rg.mg,08) | 9™ (rg mo )

0G (=5) [E—(a5)20G(58*)

oa’s or

..
15 (=) +G(<8) <8£s (0028 (,_pqy 4 27 Como08) (aS—aa>>} }

0e** (ro, mo, o)) 1—-G(g5)

da? B (Z:ggi’g) G(e§) + 1 -G ()

g > 0.

With this inequality and 0e®* (19, mo, o)) /Or < 0, it is clear from (A48) that
0?log ¢*/ (0a*dr) < 0. This establishes part (iv) in the statement of the propo-
sition.

Without loss of generality, let r = rg; then

(A50)
0 log ¢S . aSGG(ES*) 9= (ro.mo,0) (Tg;;no’a(s))
8m - _ B o ox Hes* (To,mo,aa) Hes* (TO,mO,aa) B R
E+asl IS(EO )JrG(EO ) T(mfmoﬂ»T(a fao)

and
(A51)

0 log ¢* 06 (=5 | (o206 () 2 igrocid | 22 g moned)

- S Sk r m QS 2
Oasam {§+a59 Is (58*)+G(€8*) (85 (rg;:ﬁo«ao) (m—m0)+85 ({;)L;S 0> 0) (aS—a8)> }

In Section II, we defined 1 + © = u/7 for our baseline model. In the general-
ized discrete-time formulation with period of length A, this definition generalizes
tol+7A = 1117;AA7 which for A small implies 7 &~ m — ¢g. Hence it is clear
that keeping ¢ constant, dlog ¢*/dm and 92 log ¢°/ (0a*dm) have the same sign
as Olog ¢°/Om and 02 log ¢°/ (0a®Or), respectively. From (A45), we see that in
any monetary equilibrium, 9e** (rg, mo, o) /Om < 0, so it is clear from (A50)
that dlog ¢®/Om < 0. This establishes part (7) in the statement of the propo-
sition. With (A49) and 0e* (rg, mo, o)) /Om < 0, it is clear from (A51) that
0?1og ¢*/ (0a®*dm) < 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, ¢,
is larger than the expected present discounted value that any agent assigns to
the dividend stream, i.e., ¢j = [55 /(1 — 55)] gy;. 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., ¢; — g%f, 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.* 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 P; = Py, where

b 25 (€ —9) if B <p<p
%aﬁfiG(a)da if o <p <.

The speculative premium is nonnegative in any monetary equilibrium, i.e., Py > 0,
with “=" only if p = . Since 9¢*/0u < 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 . Since
0e*/0 (af) > 0 (see the proof of Proposition 4), the speculative premium is
increasing in « and 6. 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 « that
the investor gets a trading opportunity in an OTC trading round and with the
probability 6 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.

41t 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) OP/ou < 0, (ii)
OP/0 (ab) > 0.

PROOF OF PROPOSITION 2: i

(i) For B < p < fi, OP/Opn = [B6/(1 — Bd)] (8e*/op) < 0, and for fi
p < p, OP/Op = [Bé/@l—ﬁé)] abG () (0e*/ou) < 0. (i) For f < p <
OP/0(ab) = [B6/(1— B6)] (9e* /0 (ab)) > 0, and for fi < p < @, OP/Ou
[B5/(1 — B6)] {abG (%) [0 /0 (ab)] + [ G () de} > 0.

A

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.’

PROPOSITION 3:  Assume G (g;0) is a differentiable function of the parameter
o that indexes a family of mean-preserving spreads, so that for any o < o,

G (-;0') is a mean-preserving spread of G (-;0). Then in the recursive monetary
equilibrium, 0¢° /0o > 0 and 0¢° /Do > 0.

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

/ G (e;0+A)—G (e;0)]de >0 for all z € (er,em),

er
with “=” if x € {e, ey}, and therefore
G (g A) — G (e z
lim Gleo+A) (&; U”de = / Gy (g50)de > 0 for all x € (ep,eq),
A0 Jg, A .

with “=" if x € {e,en}, where G, (¢;0) = 0G,, (¢;0) /Oo. With this notation,
the equilibrium mapping (13) is

_1-BS e q _ . )

T (xz;0) = 150l <y fgﬁ [1 -G (e;0)]de e 3

y Boly B - ' i ; :
7+ e (s af [7 G (o) de] P

and the equilibrium e* satisfies 7' (¢*;0) = 0. By implicitly differentiating this
condition, we get

QGE 1765 e* )

o e (Muew — F) [ Go (o) de
do __ a0 .. ) IS
1+ 1Bl pepy [G (e*;0) 6liucpy +[1 — G (e%50)] u—ﬂ]

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 u € (B,ﬂ), then 0e* /0o > 0 since (1 - 55) / (u — B)_‘;H{/Ku} = (1 - 65) / (,u — B) >
0. If u € (1, ), then 9e*/do > 0 since

Bo(1—af)e+ [1—36(1—ab)]eg
Boe+ (1—B6) e

implies — [ — (1 — B38) / (0 — B)] = (1 = épn) / (1 — B) > 0. Given that de*/do >
0 for all u € (B,,a), (8) and (9) imply 0¢*/do > 0 and d¢*/dc > 0, respectively.

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

PROPOSITION 4: Consider Economy A with contact probability o and distri-
bution of valuations G on [er,eg| and Economy B with contact probability & and
distribution of valuations G on [£r,éx] (and all other primitives of Economy B
are as in Economy A). Let €* and £*denote the equilibrium marginal valuation
for Economy A and Economy B, respectively. Then for any & > «, there exists
a G such that

oo Py (1-8) | Pl (1-8) |
1= 86 (1= Tjacuy) 1= 36 (1—Tguc)

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, €*, is characterized by (13),
while in Economy B the marginal investor valuation is the £* that solves

<1

Sp < 6i=1— (1 Bo)

(1—B5)ad [ZH[1 — G (e)de n=F5_,
(1— B6) & + o [f;fsdG( )+ 9]? G (e )ds] Ipcy P
Define
. 0 for e < &g,
(A52) Ge)=1 2G(e—0)+ (1 — %) [force—y forép <e<épm
1 forég <e
with €, =er 4+ ¢, €ég =eg + ¢ and
Bl i<y ay
(A53) c= — 1——=)(e—¢").
1— 80 (1—Tucum) ( a)

With (A52) and (A53), the equilibrium mapping for Economy B becomes
(1-B8)ad [ [1-§ G(2)—(1-§ )Lier <2y ]d= _n=B
(o) o aierat 7, (360 (- i<}l B

=0.
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If we replace & = €*+c in this last expression, it reduces to (13), a condition that
holds because £* is the equilibrium marginal valuation for Economy A. Hence,
£* = " + ¢ with ¢ given by (A53) is the equilibrium marginal valuation for
Economy B. Notice that &G (£*) = &G (¢* + ¢) = aG (%), 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, Ai;, and Y; (where
Y; could be the stock market return, R, or the turnover rate, 7,%) are jointly
determined by

(Bl) A’it = :‘QY} + wxs + €
(B2) Y = pAiy + x4 + 1y,

where ¢; is a monetary policy shock and n; is a shock to the asset price. To
fix ideas, suppose Y; = R{ . Then equation (B1) represents the monetary policy
reaction to asset returns and possibly other variables represented by x;. Equa-
tion (B2) represents the reaction of asset prices to the policy rate and z;. The
disturbances ¢; and n; are assumed to have no serial correlation and to be un-
correlated with each other and with x;. We are interested in estimating the
parameter p. Let X, 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 x # 0 and ¥, > 0, and an omitted
variable bias if @ # 0 and ¥, > 0. Conditions (B1) and (B2) can be solved for

Nip = ey + km + (k+ @) 7] and Yy = ﬁ [per + m + (1 + pw) x¢]. Divide

the data sgmple 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 S;
and Sy, respectively. Let QF denote the covariance matrix of Ai; and R} for

t € Sk, for k € {0,1}. Then

o L[ o)
(1—pr)? 05 Q5 |7

where Q) = SF+258+(k + w)? ok ok, =0k = PEF+RSE+(k + @) (1 + pw) T,
O, = p?2k 4 27’; +(1+ pw)2 Yk and Y% denotes the variance of variable z in

subsample Sy, for k € {0,1}. Provided XL = ¥¥ and 271] = Eg,

yE-%0 71
91—90:_2[ ’)2].
(L—=pr)*LP P
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Hence, if ¥ —X0 > 0, then p can be identified from the difference in the covariance
matrices of the two subsamples. This suggests a natural way to estimate p.
Replace Q! and Q° with their sample estimates, denoted Q! and QY. Define
Q= Q' — Q% and use Q; to denote the (i,7) element of Q. Then p can be
estimated by 912/911 = p. Rigobon and Sack (2004) show that this estimate can
be obtained by regressing R{ on Ai; over the combined sample Sy U S; using a
standard instrumental variables regression.

The standard deviation of Ai; is 4.37 basis points (bps) in subsample Sy and
6.29 bps in subsample S;. The standard deviation of R{ is 86.10 bps in subsample
Sp and 92.96 bps in subsample S;. The correlation between Ai; and R} is 0.057
in subsample Sy and —0.37 in subsample S7. 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.® 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 ¢ € Si, we define 2¢ = itz 420 — it,mr—10, Where iz,
denotes the (daily imputed) 30-day federal funds futures rate on minute m of
day ¢, and for any ¢ € Si, m] 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.” We then estimate b in (19) using
the following two-stage least squares (2SLS) procedure. Define Ai¢? = z'fd — ifﬂl,
where i¢? denotes the rate implied (for day ¢) by the 3-month Eurodollar futures
contract with closest expiration date at or after day t. First, run the regression
Aifd = Ko + K2zt + ¢ on sample S; (where 7, is an error term) to obtain the
OLS estimates of kg and k, namely kg and . Second, construct the fitted values

Zt = Ro + Rzt and run the event-study regression (19) setting Ai; = Z;.
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

K
(B3) R} =a’ + BT+ B fie+<i,
j=1

where €7 is an error term, R is the daily stock return (between day ¢ and day
t — 1), 7, is the aggregate (marketwide) turnover rate on day ¢, and {fﬂ}f:l
are K pricing factors. We set K = 3, with f1; = MKT;, for = HML;, and
f34 = SMDB;, where MKT; is a broad measure of the market excess return,
HM Ly 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 SM By is the
return of a portfolio of small-cap stocks minus the return of a portfolio of large-
cap stocks. That is, M KT} is the typical CAPM factor, while HM L; and SM B,
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

"We 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 z; is the
same variable that Gorodnichenko and Weber denote as wy. 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.® Let t;, denote the day of the k" 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 t;_; and day t.
Thus, for each stock s we obtain 532 estimates, {{3; (k) ?-:0},1;’:31, where 35 (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 t;_1 and t;. For each policy announcement day, t;, we sort all NYSE stocks
into 20 portfolios by assigning stocks with G (k) ranked between the [5 (i — Nk
percentile and (5i)™ percentile to the ith portfolio, for i = 1,...,20. For each
portfolio i € {1, ...,20} constructed in this manner, we compute the daily return,
R, and the daily change in the turnover rate, 7;' — 7;*;, and run the event-
study regression (19) portfolio-by-portfolio, first with Y = R! and then with
Y =T} — T4, 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 5y’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, {(Ri)fﬁl}, and run (B3) to estimate the vector of betas, {{ﬁ; ?21}?:0.
The estimated betas corresponding to each portfolio are displayed in Figure B1.?
Notice that there is no correlation between the turnover-liquidity betas, { Bg}?il,

and the CAPM betas, { Bi}fi To get a sense of whether the different cross-

1

8In order to construct the Fama-French factors HM L; and SM By, 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 SMB; = (1/3) (R{¢ + RIN + RV —
(1/3) (RPG + REN + RPV) and HML: = (1/2) (RYY + REV) —(1/2) (RFE + RPF), where RF® de-
notes the return on portfolio “Big-Growth,” “Rfv” 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, M KT, 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 ¢, good shares and price data at
the beginning of ¢, 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 {ﬂé 2221 shown in the figure has been normalized by dividing it by |ﬁ6 |
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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,/ = R/). Then according to the ba-
sic CAPM model, the effect on portfolio i € {1,...,20} would be b' = Bi x b,
where { ﬁ{}?ﬁl is the vector of betas estimated on monthly data for each of the
20 portfolios sorted on B (plotted in Figure B1). Figure B2 plots {(i,5")}?°, and
{(i,b")}°,, where {bi}?il corresponds to the E-based estimates for the effect of
monetary policy on returns reported in Table B1.

Bj. VAR estimation
IDENTIFICATION

We conjecture that the data, {Y;} with Y; € R™, correspond to an equilibrium
that can be approximated by a structural vector autoregression (SVAR),

J
(B4) KY, =) CiYij+er,
j=1

where K and C; are nxn matrices, J > 1 is an integer that denotes the maximum
number of lags, and g, € R™ is a vector of structural shocks, with E (¢;) = 0,
E (eie}) = I, and E (e)) = 0 for s # 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

J
(B5) Yo=Y BjYi;+u,
j=1

where B; = K~!C; and

(B6) uy = K tey

is an error term with

(B7) E=E (wu) =K 'KV

The reduced-form VAR (B5) can be estimated to obtain the matrices {Bj};‘]:p
and the residuals {u;} from the estimation can be used to calculate Z. From
(B6), we know that the disturbances of the reduced-form VAR (B5) are linear
combinations of the structural shocks, e, so in order to use (B5) and the esti-

mates {Bj}}]:l to compute the impulse responses to the structural shocks, it is
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necessary to find the n? elements of the matrix K. However, given the known
covariance matrix Z, (B7) only provides n(n+1)/2 independent equations involv-
ing the elements of K1, so n (n — 1) /2 additional independent conditions would
be necessary to find all elements of K ~'. This is the well-known identification
problem of the SVAR (B4). Only three specific elements of K1 are relevant for
our analysis. To find them, we use an identification scheme that relies on external
instruments. '°

The VAR we estimate consists of three variables, i.e., Y; = (z’t, RLT! )/, where
ir, RY, and T;! are the measures of the policy rate, the stock return, and turnover

described in Sections IV.A and IV.B. Denote ¢; = (5%, el, 5?)/, U = (u@, ul, utT)/,
and

kRl k]
K'=|k, k¥ kL
k- k¥ kL
Then u; = K~ 'e; can be written as
uj ki Ry k]
(B8) u | = |k |l | KR | R+ | KL | <.
ul ki kX kT

Since we are only interested in the impulse responses for the monetary shock,
gt, it suffices to find the first column of K~!. The identification problem we
face, of course, stems from the fact that the structural shocks, (5@,5?,52-), are
unobservable and some of the elements of K ! are unknown (three elements are
unknown in this 3 x 3 case). Suppose we had data on {5%} Then we could run
the regression ul = kel +mn; to estimate k!, where 7 is an error term. From (B8)
we have n, = kRel + k] ], so E (gin,) = E [} (kRef + k] el )] = 0 (since we
are assuming E(g.e}) = I), and thus the estimate of ! could be used to identify
k! (up to a constant) via the population regression of u{ onto £}. Since ! is
unobservable, one natural alternative is to find a proxy (instrumental) variable
for it. Suppose there is a variable z; such that

E (ztezz) =FE (ztsgr) =0<E (ztsf;) = v for all t.
Then
(B9) A =E(zouy) = K ' Bzier) = (K, bk, k) v,
Since A = (A1, A2, A3)" is a known (3x1) vector, we can identify the coefficients

of interest, (k:;, k%, kﬁr) 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

(B10) vkl = Ay

(B11) vkl = Ao

(B12) vkl = Ag

with

(B13) v? = E(zpu) E7 B (2us).

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
(ki k%, k%), i.e., combining (B10) with (B11), and (B10) with (B12), yields

kLo Asy
B14 R _ A2
ki As
B15 M ———
(B15) WA

Thus, k% and k% are identified. From (B10), k! is also identified but up to the
sign of v.

Notice that if we run a 2SLS regression of u* on u! using z; as an instrument for
ut, then the estimate of the slope coefficient on this regression is Ay/A;. Similarly,
As3/Aq corresponds to the instrumental variable estimate of the slope coefficient
of a regression of u] on u! using z; as an instrument for wu:.

In our application, as an instrument for the structural monetary policy shock,
el 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.!! That is, we restrict our sample to ¢ €
Sy and set {z:} = {Z'th;_x_QQ - it,mj;—lo}, where i, denotes the (daily imputed)
30-day federal funds futures rate on minute m of day ¢, and for any ¢t € Sy, mj
denotes the time of day (measured in minutes) when the FOMC announcement
was made.? 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 comstructed 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 wvariable we call z; is the same
variable that Gorodnichenko and Weber denote as wv:. 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 ¢ € S; 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 {B; }3]:1 and the residuals {u,}.

Step 2: Run the regressionl u% =Ko+ K'z + n¢ on sample Sp to obtain the OLS
estimates of ko and k', namely kg and R*, and construct the fitted values
Uy = Ro + R'2t.

Step 3: Run the regressions u* = kg + kai + n; and u/ = ko + &7 4% + 1 on

sample S; to obtain the OLS estimates of k® and 7, namely &% and ’%Tt
Since &A% = Ag/A; and &7 = Ag/A;, (B14) and (B15) imply &% = ki /!
and /7 = ki /KL

For the purpose of getting impulse responses with respect to the shock i, the
scale and sign of k; are irrelevant since the shock ! is typically normalized to have
any desired impact on a given variable.!3 For example, in our impulse responses
we normalize the shock ei so that it induces a 1 pp increase in the level of the
policy rate 4; on impact. To see this, consider (B8) with e =&/ = 0. Then for
any kf, the shock that induces an x pp increase in the level of the policy rate on
impact (e.g., at t = 0) is e = (2/100)/k! = (2/100)/(A1/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 Gongalves and Kilian (2004) and Mertens and Ravn (2013).
The procedure is as follows. Given the estimates of the reduced-form VAR,
{Ej }3-]:1, and the residual, {u;}, we generate bootstrap draws, {Ytb}, recursively,
by Y = ijl Bjﬁ,j + ebiiy, where e? 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,
{zf? }, so following Mertens and Ravn (2013), we generate random draws for the
proxy variable via z¥ = e?z;. We then use the bootstrap samples {}Qb} and {zé’ }
to reestimate the VAR coefficients and compute the associated impulse responses
(applying the covariance restrictions implied by the bootstrapped instrument zf)
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.

{z} = {i;‘in;_mo — iiiﬂf—lo}’ where 1?7‘1m denotes the 3-month Eurodollar futures rate on minute m
of day t, and for any ¢ € S1, m; denotes the time of day (measured in minutes) when the FOMC
announcement was made. The results were essentially the same.

13 Alternatively, (B10) and (B13) can be combined to get k! = A1 /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,¢ + 1] 3;1 denote the T days of the

month. Let { fgt}iI 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.'* Let {r;}]_, be the (average) daily
fededral funds rate calculated at the end of day ¢. Finally, for j = 1,....,T — ¢, let
Eiri4; denote the expectation of the spot federal funds rate on day ¢ + j condi-
tional on the information available at the end of day ¢. Then, since federal funds
futures contracts settle on the average daily rate of the month, we have

1 ¢ T
0 _ . ) —
st =T [ E T + E i_t+1EtTZ] yfort=1,...,T.

Hence, fort =1,...,T,

1 1 1 T 1 T
0 0
Joip = fopo1 = T TEt—lrt tT E i:t+1EtTi -7 g i:tHEt—l?”i,
where f?,o = Sl_LT. 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 ¢ > 1.1° Then

Eyr;=rifori=t,..T
By yr;=FE_qryfori=t+1,..T.

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

T+1-1

Bl ot — for 1=
( 6) fs,t fs,tfl T

(re — Ey—1m)

where ry — Fy;_17¢ 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, fg,t — fg,tq? then from (B16) we can
recover the unexpected change in the federal funds rate on the day of the FOMC
announcement, ¢, as follows:

T
(B17) rir1 — Eyre = T 1 ( g,t—irl - fgt) fort=0,..,7T — 1.

14Contracts can range from 1 to 5 months. For example, fg”t would be the price of the 5-month
forward on day ¢ of month s.

151f r, 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, r¢, 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 z; = % ( S’tﬂ — fgt) = Ut,mr+20 — t,my—10, Where fg’tﬂ — fgt 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 «
of investors who contact dealers at random. We restrict attention to symmetric
allocations (identical agents receive equal treatment). Let c¢p; and hp; denote
a dealer’s consumption and production of the homogeneous consumption good
in the second subperiod of period t. Let c;; and hp; denote an investor’s con-
sumption and production of the homogeneous consumption good in the second
subperiod of period t. Let ap; denote the beginning-of-period ¢ (before deprecia-
tion) equity holding of a dealer, and let a/,, denote the equity holding of a dealer
at the end of the first subperiod of period ¢ (after OTC trade). Let ar; denote the
beginning-of-period ¢ (before depreciation and endowment) asset holding of an in-
vestor. Finally, let o/, denote a measure on F ([er, ex]), the Borel o-field defined
on [er,eq]. The measure a}, 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,

o
~ /
{ [ajt7 ajt7 c]ta h]t]je{Dvl}}tZO )
to maximize

€H

[e'e) el
Eq E Gt [a/ eyray, (de) + (1 — a) / eyrandG (€) + cpr +cre — hpe — hiy
t=0 €L €

L

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

(C1) apt +ap < A®
eH
(C2) a’py + a/ ay, (de) < apt + aap
L
(C3) eptten < hpe + by
(C4) apt = dapt
(C5) ars = 5&” + (1 — (5) AS.

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
foreveryt: (a) apy = A°—ar = A® and (b) a7, (E) = I, ey [0 +a (1 —0)] A%/a,
where Iy, ey 15 an indicator function that takes the value 1 if ey € E, and 0
otherwise, for any E € F ([er,en]).

PROOF OF PROPOSITION 5:

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

%) cH
max Eo Zﬁt [a/ eay, (de) + (1 — ) gare | vt
=0

{ape,are,a7, 3520 €L,

en
s.t. (C1), (C4), (C5), and a/ ap, (de) < aps + aagy.

53
Let W* denote the maximum value of this problem. Then clearly, W* < W*,
where

W* = max EOZﬁt ler (apt + aar) + (1 — &) Eage dyr + w

{ape,art}32, =0

s.t. (Cl), where w = [aey + (1 —a)&] (1 —0) A*Eg Y f'y:. Rearrange the
expression for W* and substitute (C1) (at equality) to obtain

W* = max Eg Zﬁt {egA° — (1 —a)(eg —&)an} oy +w

ankze 155

= {0ey + (1= 0)[ocy + (1 — @) ]} A°Eo > Bl
t=0

The allocation consisting of ap; = A°, ajy = 0, and the Dirac measure defined
in the statement of the proposition achieve W* 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: €7 with probability 77 and ey with probability 7wp, with
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€ =mgey + wrer. Then (13) implies

T if B<p<p
5* _ _+a65(1_—55)7rH o
T ) Bab(1-B8)mpen—(u—B)Bs(e—abrrer)

Bab(1-B8)mp+(n—B)[1-B6(1-abry)]

fao<pu<p

with

ﬂzﬁb+(1_@nu—ama%1@—sm]

g — abrrey,

Bog + (1 — ﬂd) e,
Given €*, 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

a(1-36)+1—/[a6(1-38) +.]" —[ab (1-35)]°
* af(1-55)
(1—55) (a9+L)—\/[(1—Bd) (a9+L)]2—a085[1—B(5(1+L)] (z—e)
a9[17,36(1+L)]

ifB<p<p

ifap<upu<p

with

3

5 [1 L (1=50) (1 -ah) (- 1/2)]

a&(l——Bé)]
B6

ﬂzBF+

and where 7 = (i — ) /B and € = (1—v/1 — af)/ (af). Given €*, 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 @y = (A", ys, Tt) € Ri, with ¢ = (wy, e, 7t).
Asset prices in a recursive equilibrium will be ¢f = ¢° (x), ¢7 = ¢° (x1), ¢]" =
o™ (x1), P = p° (T1), @t = q (1), and £5* = &%* (x;). Let A"* denote the amount

of money that investors have available to trade asset k € N=NU {b} at the
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beginning of period ¢ (i.e., the bond, if k£ = b, and equity, if £ € N). The laws of
motion for the state Varlables AP, yi, and T4 are exogenous (as described above)
while A7"® = U (z;), where the decision rule ¥*, for k € N, is determined in
equilibrium.

The investor’s value functions are

W(ai™, af, (a"*, af)sen, v T1) = Z (0™ (@) @i + ¢ (4) af]
seN

+ ™ (1) (0" + af) — o + W (24),

where a? denotes the quantity of bonds that the investor brings into the second
subperiod of period ¢, with

W () =T () + max { — " () Ay — Y ¢ () @y
(aﬁh(&f-rﬂseN)ER.‘.Jr weN
1 —
+ 1 _|_TtE [V (aits, (af+1)seN;$t+1)| wt] },
(C6)
Vi@t (afn)seni @) = max N+1/Vl(at-i-l?(at-i-l’at-i-l)sENvg T111)dG(e)
(aﬁ%)keNER-;-
st > afh <apy,
keN
and

VI afihy, (a1, agn)sen, € @esn) = 6™ (@g1) {affy + [1— g (@ern)] af (g (zer1))}

+ > {8 (@) iy + [eyers + 6° (@1)] af g }

seN
pe =" (xe41)

+ Z [ —)ytﬂﬂ{es*(wtﬂke}aﬁsl
seN t+l

+) {0 ™ (Ti11) — €l yer1leces (@)} 0841 |
seN

+ WI (mt-‘rl) )

where a?(a™, q;) is the bond demand of an agent who carries a}*® dollars into

the bond market in state ;, and aj,; = 6a;, | + (1 — &) A%. In writing V' (-) w
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 ai®® dollars to the bond market

of period t. The bond demand, a; (at b ;) and the post-trade bond-market cash

holdings, G (a7, q;) = ™ — grab(a™, qv), are given by

. amb

ay(a;™,qr) = x (az,1) j

a;ﬂb( aqt) []' - X (qt7 1)] aznbv

where x (+,+) is the function defined in Lemma 1.

PROOF OF LEMMA 4:

The investor’s problem in the bond market of period ¢ is

I/~mb b ms s . —mb b mb
max  W'(a;", a;, (0", af) seny > s ) st af” + qay < af™”.

(ay®,af)eR3

This problem can be written as

max ¢ (@) [ (0 + (1 @) af| + W (07", a}),en, 0,0, 0rie)
ai’e[o,a;"b/qt}

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

The market-clearing condition for bonds is a? (A{””, C]t) = By, which implies the
equilibrium nominal price of a bond is ¢; = min (A{”’b /B, 1), or in the recursive

equilibrium,
P (2)
x:) = min ,1 5.
C]( t) { th;n
With Lemma 4, the investor’s value function in the first subperiod becomes
" (Tr41
Vl(at+b1> (at—l—l’ at—l—l)sGNa €5%py1) = ) t+1 +w! (x441)
q(Tey1)
+ Z {¢™ (®111) a5 + [eyesr + 6° (Te41)] afr }
seN
ge — &7 (@er1)
F2 T”tﬂﬂ{s“(wm)@}aﬁ%
seN
+ Z o’ mtJrl) - 6} yt+1ﬂ{e<55*(mt+1)}at+1
seN

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 (a]'h)cx that solves (C6) satisfies

€H

1 am as Roin —e5* (@
(C7) ov( t+17(~t7~nr1)s€Nvm +1) > (bm (Cct—l-l) + a0 Myﬁ-ldG(E)

80, S (e
t+1 5% (2441) pS(@e41)

VI (a5, 1)seni®er1) o ¢™(@is1)
(Cs) day’y = q(xes1)

where (C7) holds with “=" if a}'% > 0 and (C8) holds with “=” if a}%% > 0.

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

/Vl(at+1v (at+1’at+1)SENa5 xi41)dG(e)

= Z {&™ (@41) al) + [Eyeg1 + ¢° (®441)] afy1 }
seN

€H e —e% (x
+Za“"0/ —( t+1)yt+1dG( €)ay

et (@en) PP (Tig1)

seN
S*($t+1
+ Z 0459/ (xi41) — €] yr41dG(e )a§+1
seN
¢m( t+1) gmb
+ Wz .
(J(thH) e (1)

The Lagrangian for the maximization in (C6) is

N €H
L((a;}1) sen Y1, Bev1) = Z [¢m (Te41) + 0459/ ey, dGe) aii’
€

o p*(®et1)
seN (@e+1)

" (x t+1 b
t+ ¢ (@ agyy + ZC (@41) 0y
keN

+&(zp1) | @ty — Zat—H ;
keN

where £ (x41) is the multiplier on the feasibility constraint in state ;41 and
(C"™ (2441))gen are the multipliers on the nonnegativity constraints. The first-
order conditions are

A" (i 41)

q(xey1)

€H e — % (x
¢ (@41) + a0 / e @) dG(E) 1 ¢ () — € (i) = 0,
e (mer1) DS (Tet1)

+ (M (1) — € (@eg1) =0
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for all s € N. Finally, & (@441) = 3EA/3&?}_1 = V(@ (af 1)seN; Teg1) /00T ;.
The following lemma characterizes an investor’s optimal portfolio choice in the
second subperiod of any period with state x;.

LEMMA 6: The portfolio (af’ |, (a;,)sen) chosen by an investor in the second
subperiod of period t with state x; of a recursive equilibrium, satisfies

5 e (Te41)

¢* (@) 2 =B | Eyprr + 0% (o) + 0489/ 7 (®141) — €] yr+1dG(e) mt]
+ ¢ I L
i = (mp)

m Ti) > E m r + 0480 —_— dG(e)|x

Q" (@) = 1T _<l5 (®141) ety P @) Ye+1dG(e) |z
1 [ o™ (@141) ]

" (xy) > E x|,

" t>_1+7“t L q(me) |

where the first condition holds with “=7" if aj,; > 0, the second condition holds
with “=7 if aj"% > 0, and the third condition holds with “=" if al’% > 0.

PROOF OF LEMMA 6:
The investor’s maximization problem in the second subperiod is

max { — o™ (xy) Ay — Z ¢° (1) a4

a P N+1
(a?}&-lv(a;+l)s€N)ER+ seEN

1 —
1 +TtE [V (“ﬁla(afﬂ)seN;thﬂiBt] },
with
Vl(dﬁp (afﬂ)seN; Tiy1)
= W)+ max - L((a]3) e 7 Tes)
{aﬁl}keNERJr

¥ (@t+1)
+ E Y1 + O° (Tg1) + 0459/ (€% (T41) — €] ye1dG(e) | afyq,
er

seN

where £ ((aﬁfl)seN; agt q, :l:tH) is defined in the proof of Lemma 5. We then have,

ovI(am ,,(as, |)sen; _ @)
(a1, gltill)LEN Tit1) =&y + ¢s (wt—H) + ase/ [65 (:17t+1) o 8] yt+1dG(€>
€L

8‘71(aﬁla(af+1)seNWt+1)
day, = (Te41) -

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

1 avl(dﬁla (af+1)s€N§mt+1) 1w oep ~
—¢™ (x¢) + T Jar, x| <0, with “="1if a7, >0
1 avl(dﬁp (af+1)s€N§mt+1) 1w oep ~
—¢° (x¢) + T das,, x| <0, with “="1if aj, ; >0,
or equivalently,
m 1 : “ ” 3 ~
o™ () > 1 B[ (@41)[ @], with =" if af'; > 0
+ 7

¢° (x1) > O g

% (xt41)
Eyst + 6 (@ea1) + a0 / 6% (@1e1) — € yr1dG(e)
L

mt] )

1+
with “=" if aj,; > 0, for s € N. By Lemma 5, the first condition can be written
as
m
o™ (@) > Ll
L+re | q(@i41)
with “=" if a?}rbl > 0, or as
€H € — e (11
6" (@) 2 1 | " (wis) + 00 @) a6
147 e (wpy) P (@i41)
with “="if a}'} > 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, {¢™ (), q (), ¥* (), {¢° (-),p* (-), & (-), ¥* ()} en}s
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that satisfy

5 e (Te41)
?° () = 1715 EYtr1 + ¢° (mq1) + 0459/ [ (®t+1) — €] yr+1dG(e)

+ 1t L

e —e¥ (®41)
¢" (@) = 7 ey " (@r41) oy P (@) Ye+1dG(e)| x
9" (1) e - (x)
= ¢" (x¢) + a®0 ——— 1y dG(e

aw) T @y O

q () = min[A]" /(w A7), 1]
[1 -G (™ (1)) AP

G (e%* (xy)) A3
() = p° () 9™ (x1) — ¢° ()

p°(z) =

Yt
ATF =Wk (xy), fork eN
AP =" AP
keN

Suppose x; = (A", yt, wi, i, ;) and focus on a recursive equilibrium with the
property that real prices are linear functions of the aggregate dividend. Then,
under the conjecture

C9) ¢° (@) = b7y

(

(C10) ¢° (1) = diye

(C11) " (xe) A" = Ziy

(C12) APE = UF () = AJ A}

(C13) ¢° (my) = p° (m1) 9 (24)

(C14) q(x) = Iflin(Ag/wi, =g

(C15) e (xy) = z (mt>y_¢s 2 _ b — ¢f =i,

the equilibrium conditions reduce to (21)-(25), a system of M (3N + 2) indepen-
dent equations for the M (3N + 2) unknowns {¢f, 5%, Zi, A%, A} ienpsen. Given
{05,€5%, Zi, XS, AYiem,sen, for a state &y = (A", yi, 7¢) with 74 = 73 = (Wi, pi, 7i),
¢° (x;) is obtained from (C9), ¢* (x;) from (C10) (with ¢} = * + ¢7), ¢™ (x4)
from (C11), A* from (C12), p* (x¢) from (C13), and ¢ (x;) from (C14). Notice
that an economy with no explicit open-market operations is just special case of
this economy with w; = 0 for all ¢ (which in turn implies A? = 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

.
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given joint policy process for money growth and real rates, {j, ¢}, ,, then there
exists a bond policy, {w;},2, 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 (1 7i) » [05]); jepn denote a joint process of money growth
and real rates, i.e., a set of states (pi,7i);cy and a transition matriv [o4]; ;o
such that o;; = Pr[(ps1,7e41) = (1b5,75) | (e, 1) = (4, ri)]. Consider a process
((uism3) ,[035]); jenn Such that there exists a vector (¢7,€;");cn sen that solves
ej*
S 4 oﬁ@/ (67" —e)dG(e)
eL

(C16) ¢7 = 11 for (i,s) e M x N

Y .
17) 1= S oy _s) € M x N.
(C17) a +7"z‘)/utij€ng for (i,s) e M x N

°H g —¢gff
e [ 525 e
5 & T 9 ©

Then for any Z € (Zy,00), there exists a bond policy (w;);cp that implements
equilibrium aggregate real balances (Z;);cyy with Z; = Z for all i € M. Moreover,
the bond policy that implements the contant aggregate real balance Z is

(C18)

G(eg9)As
2iseN ) & T ) L[ e e .
w;=|1- > 1+ a0 . 8*+¢S dG(e)| fori e M,
and
G 8* AS
Zy = max (1) (e + ¢7).

(2

! e
€N SN 1 G(€ )
Under bond policy (C18), in state ; = (AT, yp,wi, f1i,73), investors assign \0Z

real balances to the bond market and \;Z real balances to the market for stock
s € N, where

G(eiM)A S s
Caen T (65" +90)

(C19) AN=1- - € (0,1)
R
(C20) A= — € (0,1),

and the dollar price of equity in the OTC round is p® (xy) = (e5* + ¢7) A7*/Z.

PROOF OF PROPOSITION 6:
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Given the vector (&7, €;);cp ey that solves (C16) and (C17), (23)-(25) imply

1%

G(e5%)A®

D oseN gy (& + 87)
—G(es* 7 %
) 7=
1+as0 f;zf*l %dG(S)
(€22) N= L
1+ aso fgf* de(E)
G(eg)As
, 2 oy )

L4 at8 3 a0 | oy S e + )

From (C21), it is clear that the bond policy (w;);cp described in the proposition
implements aggregate real balance Z. Then (C22) and (C23) imply (C19) and
(C20), and Xb,\f € (0,1) since 0 < Zy < Z. Finally, p® (x;) is obtained from
(C13).

In general, the equilibrium for the general model with NV 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., p; =
a®0(1—-p6)(s—eL)
oer(i=p)e, | VM
[* = mingen i, and assume p € (B,7i*) and w € (0,p/B). Then there exists a
unique recursive monetary equilibrium:
(i) Asset prices are

W, wi = w, and r; = r for all i € M. Let i* = B |1+

d)zf = ¢Syt7
where
s _ 56 = s = sk
(C24) o =1 5 s—l—a&/EL (e €)dG(e)

and £%* € (er,em) is the unique solution to

o) _ fa‘i* (c - esz*de@ _ % —55 0.
e + 125 [e R N 6)dG(6)} “
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(ii) Aggregate real balances are

i AL = 2y,
where
G(es” A® S*x S
036) ,_ Lsen tgpm (& +9°)
= —3 ,
1 ma
(iii) The price of a bond is
B
C27 Q= —.
(C27) =
(iv) The proportion of real balances assigned to the bond market is
(C28) M= By
I

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

(C29) g

G(es*)AS . s _
L e+ 67) (1 B ﬂw> |
Seen S5 e o) N p
PROOF OF PROPOSITION 7:

With no policy uncertainty, ¢ = ¢°, ei* = &%, Z; = Z, ] = \%, )\i-’ = AP for
all i € M and all s € N, and the equilibrium conditions (21)-(25) reduce to

63*
(C30) % =36 |e+ ¢° + ase/ (e —¢e)dG(e)| forall s e N
eL
R EH 8%
(C31) b [1 + ase/ ”dG(s)] for all s € N
H gs* e + ¢S
€H o _ gs*
(C32)  max(w/X,1) =1+ a0 T dG(e) for all s € N
G (ES*) AS
Zx = T 2 (e 4 ¢°) for all
(C33) A 1—G(€S*)(€ + ¢°) for all s e N
(C34) L=A =)
seN

This is a system of 3N + 2 independent equations in the 3N 4 2 unknowns,
{{¢*,e*, X"} ,en» AP, Z}. Conditions (C30) and (C31) imply (C24) and (C25). It
is easy to check there exists a unique ¢** € (e1,ep) provided u € (3, i*). Given
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{¢°, %} ,cn, conditions (C32)-(C34) need to be solved for {{\*}, .y, A%, Z}. Con-
ditions (C33) imply the values of {ZA°} _ . Conditions (C31) and (C32) imply
max(w/A? 1) = p/f, and since B < p, this implies (C27) and (C28). Finally,
condition (C34) implies (C26) and therefore (C33) implies (C29).

COROLLARY 4: Consider the economy of Proposition 7. Let {€%* (1) , ¢° (1) } ey
denote the vector {e**,¢°} . that solves (C24) and (C25) for a given p, and let

Z(n) = %:\I m [£° (1) + ¢° ()] -

(i) The monetary authority can implement any real balance Z € [0, 00).

(ii) For any po € (B,ﬂ*), any equilibrium aggregate real balance Z € (Zy, o0),
where Zy = Z (po), can be implemented in a way that it is independent of the
money growth rate, u, for any u € (po, i*).

(i1i) Any equilibrium aggregate real balance Zy € (0,00) can be implemented
independently of the money growth rate, p, provided p € (uo, i*), where pg is the
unique solution to Z (ug) = Zy.

PROOF OF COROLLARY 4:

(i) Fix w. From (C25), it is clear that by varying y in the interval (3, i*), the
monetary authority can implement £%* = ¢, as well as €*°* = ey for all s € N.
The result then follows from (C26).

(i1) Fix po € (B, %) and let Zy = Z (po). Then for any Z € (Zy, 00), set

(C35) w= (1 = Zé“)) %

Clearly, w € (O,,u/B) for any p € (o, p*). To conclude, notice that for any p €
(10, 1*), the bond policy (C35) implements the constant aggregate real balance
Z.

(i1) Fix Zy € (0,00) and let pp denote the unique solution to Z () = Zp.
Then for any p € (po, @*), set

(C36) w= <1 - ZZ(é‘)> %

Clearly, w € (0, N/B) for any p € (uo, 1*), and the bond policy (C36) implements
the constant aggregate real balance Zj.
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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 ¢
and day t + j, by ﬁ{}tﬂ = izl R{Jrk, the cumulative return of stock s between

day t and day t + j, by ﬁf’tﬂ- = T, Ri,), and the change in the 3-month
Eurodollar future rate between day ¢t and day ¢ + j, with Ady ;= 4445 — 0.
The first exercise we conduct consists of estimating the marketwide regression

(D1) Ri i 14 =a+bNiy_ 14 145+ €14,

for t € 51, with j = 2, where ¢_14; 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) Ri 1145 = a+bNip1p 145 + €14

with j = 2, for t € §1 and s = 1, ..., 20, where s represents each of the twenty
liquidity portfolios constructed in Section IV.C, and €;_14; 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 ¢ — 1 and the end of
day t + 1, we instrument for Ai;;y; using the daily smputed 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 z; 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 Aifi 4 = ifij — i¢, where i¢? 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 ¢. First, run the regression Azt 1t—14j = Ko + Kzt + Ne—14; on
sample S1 (where 7;_14; is an error term) to obtain the OLS estimates of kg and
k, namely kg and A. Second, construct the fitted values £;_1;_14; = Ao + A2z and
run the regression (19) (or (D2)) setting Aé;—1¢—14j = Zt—14—1+;. 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.,

Ri 114 = Bo+ Prliy 1o 145+ BT + B3 (Niy_1p-145 — Ai) X T
(D3) + Dy + Dy + Ba (Dir—14-145)° + B5 (TF)* + Ef_14—14j-

with j = 2, for all ¢ € S7 and all individual stocks, s, where D; is a stock fixed
effect, D; is a quarterly time dummy, and €§—l,t—1 4; 18 the error term corre-
sponding to stock s on policy announcement day t, 7,° = 7,° — T, and Ai and
T denote the sample averages of Ai;_1;_14; and 7%, 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, is measured as in the estimation of (20). In specification (I), A1 ;—14; is
instrumented for with z;, as explained above. In all other specifications, we proxy
for Adp_14-14j = Ut1—1,t—1+j and (Adg—1 4145 — Ai) x T,* = vf_u_lﬂ- as follows.
We first run the following two regressions (i.e., for i = 1,2)

(D4) szl,tflJrj = K+ Kize+ Kb (2 X TS) + 77§71+j

on sample S; (where n!_; +j is an error term) to obtain the OLS estimates of
(né,mi,mé)i:m, namely (f%f),/%il,/%é)i:m. We then construct the fitted values
Op 14145 = Kot K126+ Ky (2 x T;°) for i = 1,2, and run the regression (D3) set-
ting Ait—l,t—l—&-j = @tl—l,t—l—&-j and (Ait_17t_1+j — AZ) X 7;8 = @t2—1,t—1+j' When-
ever (Ait_l’t_lﬂ-)Q appears in a particular specification of (D3), we also include
22 as an additional regressor in the first-stage regressions (D4).

The results are in Table D2. The estimate of interest, 33, 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

R = Bo+ P1liy + BoT + BT x Aiy
+ Dy + Dy + Dy + Ba(Air)* + B5(T°)°
+ Be 31 + BrB5; x Ay
+ Bs B + Bofs; x Ay
+ Br0B5; + B11B5 x Ay
(D5) + BraLi + P13L§ x Niyp + eq,

where Dy is a dummy for the Fama-French ten-industry classification, Lj is the
measure of the bank leverage of company s at date t constructed by Ippolito,
Ozdagli and Perez-Orive (2018), and B, is the “beta” corresponding to factor
“fi” with j € {1,2,3} for announcement day ¢ that we estimated from the multi-
factor regression (B3) (recall fi, = MKT;, foy = HML;, and f3; = SMBy; see
Section B.B3 for details).!6 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., ? = (85,—B;) and L; = (L§ — L), where 3; and L denote the sample
averages of 37, and Lj. The industry dummy D; 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” {Bjt}?zl 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 {5;}?21 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
Bs in (B3)).}” The additional control variable, bank leverage L{, 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 Dy to

161n Section B.B3 we used ,8;3 (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
tr—1 and tg. Since ty is the date of the k** announcement, we have ,Bjtk = ﬁj (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.
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specification (IX). Specification (XI) adds {Bjt}?zl and the corresponding cross

terms, {ﬁijt X E}?zl, to specification (X). Specification (XII) adds L; and the

cross term Lj x Ad; to specification (XI). In every case, the coefficient of interest
is ,33.

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 f3 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.

D/. 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 1
P
seP N (P)

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

defined as
> wiR,
seP

with
Py K}

>ier P KL
where K denotes the number of outstanding shares for stock s on day ¢. The
results for the NYSE are summarized in Table D8. All the estimates are negative,

S
Wy
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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.  Nomainal-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. Giirkaynak, 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, Garleanu 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, Garleanu 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, Garleanu 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, Garleanu 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 Sudrez-Lledé (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.'®

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, Garleanu 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, Garleanu 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, Garleanu 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

181n 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, Garleanu 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 Sudrez-Lled6 (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, Garleanu 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).
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