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1. Introduction

In many industrialized countries, the implementation of monetary policy has undergone a struc-
tural change. Starting with the global financial crisis (GFC), central banks have reduced policy
rates to the zero lower bound (ZLB) and raised money supply via large-scale asset purchase
programs (LSAP). According to standard New Keynesian theory, the impact of monetary pol-
icy on macroeconomic dynamics is considerably affected when policy rates are at the ZLB, and
responses to aggregate shocks are even found to be opposed compared to the off-ZLB case (see
Eggertsson, 2011, 2012). The combination of ZLB and LSAP has further led to a change from
a monetary policy regime of scarce bank reserves to a regime where reserves are abundant.
The US Federal Reserve continued this regime under interest rates above the ZLB via interest
payment on reserves (see Figure 1), ensuring that reserve holdings are not costly, such that
banks have been willing to accommodate a large central bank balance sheet.

While this monetary policy regime change is well-documented and has been examined in a
variety of studies (see e.g. Bianchi and Melosi, 2017; Arce et al., 2020; Sims and Wu, 2021), this
paper focuses on a different policy change in the US that occurred almost simultaneously: The
gradual implementation of regulatory standards according to Basel II and III after the GFC has
led to an increase in total capital holdings of banks (see Walter, 2019). Figure 1 shows that the
Tier 1 equity-to-asset ratio steadily increased since the onset of the GFC until the start of the
COVID-19 pandemic, where capital requirements were temporarily relaxed. These observations
show that US banks have experienced a transition from a regime with scarce reserves to a regime
with satiated money demand and tighter capital requirements.

Motivated by these observations, we develop a model that accounts for monetary policy
implementation before and after 2008 to examine the role of binding capital requirements under
satiated money demand. The paper provides three main novel contributions. Firstly, we show
that the quantity restriction on financial intermediation induced by binding capital requirements
has a fundamental impact on equilibrium determination. Specifically, we show that restrictions
on the central bank’s interest rate setting that is consistent with locally determined equilibria
are much less severe than predicted by New Keynesian models that abstract from money or
banking. Secondly, we estimate a model version with occasionally binding capital requirements
and provide evidence that capital requirements have been binding since the GFC. Thirdly, we
show that responses to macroeconomic shocks are neither qualitatively affected by policy rates
at the ZLB nor amplified above the ZLB when capital requirements bind. Additionally, we show
that capital requirements can - in contrast to reserve requirements - not establish monetary non-
neutrality, implying that the post-2008 increase in reserves supply did not led to an upward

pressure on goods prices.
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Figure 1: The upper panel depicts the Federal Funds Effective Rate (FFER) (black line) alongside the Interest
on Reserve Balances (IORB) (orange line) and the Interest on Excess Reserves (IOER) (blue line). The IOER
was discontinued in 2021M7 and replaced by the IORB. The lower panel represents the Tier 1 leverage ratio,
defined as Tier 1 capital over total assets. (Source: The FRED database.)

Regarding the first main contribution of this paper, we show that a binding capital re-
quirement can fundamentally affect equilibrium properties, in particular when the monetary
policy rate is at the ZLB. The reason is that a binding capital requirement imposes a limit
on the creation of deposits, similar to a reserve requirement, and relates them to bank assets.
Together with an non-explosive supply of nominal public sector liabilities, this restriction acts
as an equilibrium selection device, which relates to the case where the central bank controls
money supply under a non-satiated money demand (see Chowdhury and Schabert, 2008, or
Diba and Loisel, 2021). This property supports local equilibrium determination regardless of
whether the monetary policy rates, i.e., the Federal funds rate and IOR, are pegged (e.g., at the
ZLB) or follow a state-contingent feedback rule (e.g., a Taylor rule), which we prove analytically
for a simplified version of the model. In contrast to a reserve requirement, a binding capital
requirement does not induce monetary non-neutrality. The reason is that we account for money
supply operations to be conducted as asset swaps, such that changes in bank reserves holding
are accompanied by an equally sized inverse change in other bank assets (i.e. treasury bills).
As a consequence, the model’s predictions are consistent with missing inflation hikes after shifts
in reserves supply since the GFC.

As the second main contribution, we provide evidence from macroeconomic data that capital
requirements have been binding since the GFC. For this, we allow for the possibility that capital
requirements bind occasionally by specifying a regime-switching version of the model, a strategy

that relates to Bianchi and Melosi (2017) or Benigno et al. (2025). To account for endogenous



regime switches, we apply endogenous transition probabilities between states where capital
requirements are either slack or binding. A Bayesian estimation of the regime-switching model
reveals that capital requirements have been permanently binding after 2008. In fact, we find that
capital requirements were also binding during the recent pandemic when they were temporarily
relaxed. We further estimate two alternative versions of the model with a permanently binding
and a permanently slack capital requirement. A formal comparison of all three versions indicates
that the model fits the data best when the capital requirement binds permanently. According to
our analysis, the incidence of permanently binding capital requirements rather relies on relatively
low real interest rates that tend to raise the costs of equity (and thereby the multiplier on the
capital requirement) than on the imposition of more severe capital requirements.

As the third main contribution, we show that a binding capital requirement can substantially
affect the transmission of macroeconomic shocks under the ZLB regime. We show analytically
that negative productivity and positive cost push shocks at the ZLB, which are known to
lead to a real expansion in a standard New Keynesian model (see Eggertsson, 2012), induce
(conventional) adverse effects on real activity when the capital requirement binds. In fact, the
growth rate of agents’ shadow value of wealth is not exclusively related to the real interest
rate but also to multipliers of constraints on private sector liabilities. As a consequence, a
sign reversal of real interest rate responses at the ZLB does not immediately imply a change
in consumption/saving responses under binding capital requirements. A quantitative analysis
confirms that productivity and cost push shocks lead to output and inflation effects at and
above the ZLB that differ quantitatively, but not qualitatively, when capital requirements bind.
Relatedly, we find that the fiscal multiplier, which takes extreme values at the ZLB in standard
New Keynesian model (see Christiano et al., 2011), is only slightly altered at the ZLB under
binding capital requirements. For monetary policy rates above the ZLB, we further find that
capital requirements do not per-se lead to a systematic amplification of macroeconomic shocks.

The remainder is structured as follows. Section 2 develops a monetary model with banking.
Section 3 provides analytical results on equilibrium determinacy and responses to macroeco-
nomic shocks for a simplified model version. Section 4 presents the results of the model estima-
tion, providing evidence for binding capital requirements since the GFC, and provides impulse

responses to macroeconomic shocks for the estimated model. Section 5 concludes.

Related Literature Our paper relates to three strands of the literature: The analysis of
equilibrium properties under post-2008 monetary policy regimes is most closely related to Ennis
(2018) and Diba and Loisel (2021). Ennis (2018) constructs a flexible price model where banks
are constrained by reserve and capital requirements, and the central bank controls IOR and

money supply. Like in our paper, the reserve requirement is slack under sufficiently high IOR,



implying that the price level is decoupled from the money supply. He shows that a link between
money supply and the price level can be restored when money supply is sufficiently large, such
that a bank capital requirement binds. Such a link between money and prices is absent under
a binding capital requirement in our paper, where the supply of reserves (via open market
operations) is specified as an asset swap, such that the impact of a change in money supply on
bank assets is off-set by an equally sized inverse change in other bank assets (typically, t-bills).
Our results on equilibrium determinacy at the ZLB are directly related to the findings in Diba
and Loisel (2021). They apply a New Keynesian model with a standard money demand, which
is not fully satiated, and the central bank controls IOR and money supply, like Ennis (2018).
They show that pegging IOR at the ZLB does not lead to indeterminacy and that responses to
macroeconomic shocks do not lead to ”limit puzzles”, which arise in a standard New Keynesian
model. While our model shares main properties, our results are derived under a fully satiated
money demand due to the equality of IOR and the FFR. Based on the monetary neutrality
under binding capital requirements in our model, it does not predict a surge in inflation after
an increase in reserves supply, e.g. under QE programs.

Several studies include binding capital requirements in macroeconomic models for various
purposes: Arce et al. (2020) compare the conduct of monetary policy under a corridor and
a floor system using a macroeconomic model with banking and a non-Walrasian interbank
market. Lenel et al. (2019) examine the disconnect between the monetary policy rate and other
interest rates in a macroeconomic model where banks face costs of leveraging. Bianchi and Bigio
(2022) develop a model with liquidity management of heterogeneous banks, which they apply to
describe the pass-through of the monetary policy rate to lending rates and the collapse of bank
lending during the GFC. Piazzesi and Schneider (2020) develop a model where central bank
digital currency (CBDC) competes with bank deposits and credit lines, and examine welfare
effects of CBDC introduction. In a real business cycle model, Malherbe (2020) shows that the
optimal capital requirement is countercyclical, being tighter during economic booms than in
recessions. Mendicino et al. (2020) and Begenau (2020) show that tighter capital requirements
can enhance financial stability and welfare, though at the cost of potential credit reallocation.

None of the above mentioned studies provides direct evidence for binding capital require-
ments. Our empirical assessment of the relevance of capital requirements relates to studies
that apply regime-switching methods for occasionally binding constraints: Guerrieri and Ia-
coviello (2017) estimate a model with an occasionally binding collateral constraint, solved using
a piecewise linear solution method, for the U.S. economy. Benigno et al. (2025) estimate a
regime-switching model for Mexico over the period since 1981 and find that it successfully
replicates key business cycle dynamics and sudden stop episodes. Bianchi (2013) estimates a

New Keynesian model with post-war US data, providing evidence for regime switches between



hawkish and dovish monetary policy stances as well as for the central role of belief formation
on future policy regimes. Bianchi and Melosi (2017) provide evidence on a US monetary and
fiscal policy regime-switch at the ZLB using a New Keynesian model, which accounts for the
lack of deflation in the US. Bjgrnland et al. (2018) show that structural macroeconomic shocks
and a hawkish monetary policy regime played an important role in mitigating macroeconomic
fluctuations during the Great Moderation. Chang et al. (2021) show how underlying structural
shocks influence the degree of monetary policy hawkishness, allowing the transition probabilities

to depend on macroeconomic conditions.

2. The Model

In this Section, we develop a macroeconomic model with sticky prices, a banking sector as
well as a specification of central bank operations and instruments that allows accounting for
different monetary policy regimes. Banks intermediate funds between households and firms
while being constrained by reserve and capital requirements. The non-financial sectors consist
of intermediate goods firms, capital producers, and retailers. The central bank can control
the main policy rate (Federal Funds rate), IOR, and the supply of reserves. The government
receives central bank transfers, issues bonds, and has access to lump-sum taxes. We introduce

several aggregate shocks to facilitate estimating the model (see Section 4).

2.1. Households

There is a continuum of infinitely lived households of mass one. The representative household
chooses working hours n; and real consumption ¢;. Let C; = ¢; — hei—1 be consumption adjusted
by a degree of internal habits h. Household instantaneous utility increases with C; and decreases

ng. Their lifetime preferences are specified as follows,

1+o™

S C -0
Eo) 6 ¢f(t)1_01 N (1)
=0

t
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where x > 0,0 > 0, " > 0, wf denotes a preference shock, and 1/1,{\7 denotes a labor supply
shock. Households have access to bank deposits, which serve as a means of payment. We account
for the fact that households typically hold more deposits than necessary for realized consumption
expenditures, which can be motivated by uncertainty with regard to liquidity needs. Specifically,

we assume that households are restricted by the following liquidity constraint,
Pyey < Dy, (2)

where 1 € [0,1] denotes an exogenously determined fraction of deposits used for transaction

purposes. Let wy = W;/P, denote the real wage rate, 7, lump-sum taxes, and div; dividend



payments, which is the sum of dividends from bankers divf, intermediate goods firms div]",

capital producers divtc P and retailers divft. The household budget constraint is given by
PtCt -+ Dt + PtTt = tht + Rt’ilthl + PtdZ"Ut. (3)

Households maximize (1) subject to the budget constraint (3) and the liquidity constraint (2),

leading to the first-order conditions for consumption, deposit, and working hours

WP (€)™ — BhEAE 1 (Cin)™® = M 400, (4)
s 1 D
M}\iH—i_EtAt,t-f—lﬂt-&-lRt = 1, (5)
t
Muw, = xpl¥ng", (6)

where A’ denotes the multiplier on (3), ¥/ > 0 the multiplier on (2), and A1 = BAZL, /AL

Further, the following complementary slackness condition holds
OB [uD; — Picy) > 0. (7)

It should be noted that the model properties would be unchanged if we assume that households
were able to trade IOUs among each other at an interest rate that is — in contrast to a textbook

New Keynesian model — not directly linked to the monetary policy rates.

2.2. Banks

There is a unit-mass continuum of competitive banks indexed by ¢. They receive deposits D;;
from households, hold risky assets L;;, and short-term government bonds B;;. They further
hold central bank money in the form of reserves M;; because of their unique ability to settle

deposit transactions. Banks are assumed to maximize the present value of dividends divﬁ,

Eo > Aosdivf, (8)
=0

where Ao = BN/ )\5{ . We assume that the (primary) bond market opens in the early stage
of the period, where new bonds Bi,t are purchased. Then, banks enter the asset market where
they receive/pay returns on maturing assets/liabilities, i.e. they pay RtD_ 1Di -1 for deposits
and earn RtLLl-,t_l from risky assets. Reserves can be acquired either from the central bank via
open market operations or from borrowing F;; intratemporally in an interbank market. For
simplicity, we specify the latter as a frictionless Walrasian market. The central bank supplies
money through outright purchases or repurchase agreements, amounting to reserves Il-]i against

eligible assets, i.e., government bonds. The relative price of central bank-supplied money in



open market operations is the repo rate RM,
B C /pM
Ii,t = ABi,t/Rt ’ (9)

where ABZ-C;f denotes securities transferred to the central bank. The asset exchange specification
(9) applies not only to regular open market operations, but can also be interpreted as money
supply via an asset purchase programme in terms of treasuries at the purchase price 1/R}M.
Banks’ demand for reserves arises from the need to settle deposit transactions, which are not
explicitly modelled. For this, banks hold reserves as a minimum fraction ¢ > 0 of deposits,

leading to the following liquidity constraint
Mgy + 1], + Fiy > 0D;y. (10)

Before the end of the period, banks receive IOR, i.e., interest payments R} on their reserves
holdings M; ;1 +1. ﬁ—l—Fi,t. Then, they settle repurchase agreements and interbank transactions,
pay dividends to the household, and choose end-of-period treasury balances B;; and reserve
balances Mi,t.l Precisely, bank i transfers RM Miﬁ to the central bank for purchasing back
treasuries Bft and repays Rf F;+ to its interbank counterparties, where Rf denotes the Federal
Funds rate.

We assume that banks face a regulatory capital requirement. This type of regulation can in
principle be justified by an uninternalized possibility of bank runs in the form of roll-over crises
triggered by risky assets (L;;) and low fire-sale prices, as for example in Gertler and Kiyotaki
(2015). The capital requirement is specified as a leverage restriction, which mandates minimum
capital holdings E; ; proportional to the end-of-period asset balance, E; ; > R¢(L;t+ Bj ¢+ M; ),
where k; > 0 denotes the policy-imposed minimum capital requirement. Further, using a
balance sheet identity in terms of the market value of the end-of-period stock of assets/liabilities:
Lit+ By + M;; = D;y + E; 4, the capital requirement can be expressed in terms of a leverage

ratio requirement, which relates equity to deposit E;; > ¢;D;; or deposits to total assets

Rt
1— Ry

(1 + ¢t)Di,t < Li,t + Bi,t + Mi,t» where gbt = (11)

Notably, an alternative specification where capital requirements are conditioned on risk-weighted
assets, for example, on risky assets L;; with a weight of 100%, E;; > k¢L;; with k; > 0, would
imply a similar relation between deposits and bank assets, D;; < (1 — k¢)Li¢ + Biy + M.
Hence, bank holdings of public sector liabilities B;; + M; ;, which will be crucial for the impact
of the capital requirement (see below), enter both versions for the capital requirement in the

same way. The reserve requirement (10) and the capital requirement (11) impose two distinct

"Hence, reserves can be used for trades in treasury such that end-of-period reserves holdings can be adjusted
even after open market operations and interbank transactions are settled.



limits on holdings of deposits. To give a preview, we will show that the former has been slack

and the latter has been binding since the GFC. The bank ¢’s flow budget constraint is given by

Ptdivﬁ =D;y—RP Diy1 — My + REM; ;1 — (R — REVE,,

(12)
—Biy+ R 1Biy1 — (R — R I, — Liy + (Rf — k1) Lig1,

where k7, > 0 denotes constant marginal costs of managing loans. The term (R}M — Rﬁ)[ﬁ
measures the costs of reserves acquired in open market operations and (R} — Rﬁ)F@t the costs
of interbank borrowing. Maximizing (8) subject to the reserve requirement (10), the capital
requirement (11), as well as M;; > 0 and B;; > 0, leads to the following first-order conditions

for money injections, interbank borrowing/lending, bonds, reserves, lending, and deposits

9 = R —Rf, (13)
w8 = RI — RE (14)
s = 1—EAm Ry, (15)
1 = sq+EAam )t (REL+92,), (16)
1 = sq+EAar (R — kL), (17)
1 = (14 @)+ p0f + Eehyam R (18)

where m; = P;/P,_1 denotes the inflation rate, and to the complementary slackness conditions

P (M1 + Ift + F;y —pDiy] = 0, (19)

s [Lip +Bit+ My — (1+¢¢)Diy] = 0, (20)

where 9P > 0 denotes the multiplier on the reserve requirement (10) and s > 0 the multiplier
on the capital requirement (11). Since reserves acquired through open market operations and
interbank loans equally serve liquidity purposes (see 10), the Federal Funds rate is identical
to the repo rate Rf' = RM (see 13 and 14). The multiplier ¥ on the reserve requirement
(10) measures banks’ costs of reserves. When these costs of acquiring additional reserves are
positive, R,{V[ — Rﬁ > 0, banks will not hold reserves in excess of what is required, i.e., the
reserve requirement (10) binds. When IOR fully compensates for the costs of reserve acquisition
in open market operations and in the interbank market, R = RM = R} acquiring central
bank money incurs no costs. Then, the multiplier 19tB equals zero, implying that the reserve
requirement (10) is slack and that banks are willing to hold excess reserves. As indicated by
condition (15), the multiplier on the leverage constraint s tends to be positive under relatively
low levels of real interest rates. Precisely, the multiplier on the capital requirement s« is positive

if the nominal bond rate R; is lower than the inverse of the private agents’ stochastic discount



factor in nominal terms (At7t+17rt_+11). Then, the build-up of equity gets costly, and banks hold
equity at the minimum level imposed by the capital requirement (11). Combining (13) with
(16) yields

s =1—Elym \ R, (21)
indicating that the bond rate equals the expected policy rate up to first order R; ~ EtRﬁl.

2.3. Intermediate goods firms, capital producers, and retailers

Homogeneous intermediate goods firms operate in a competitive market to produce intermediate

goods and engage in capital goods transactions with capital producers. Intermediate goods

are produced using capital k;_1 and labor n; with a constant-return-to-scale technology,
ye = acki_yny =, (22)

where a; denotes a stochastic total factor productivity. At the end of period t—1, an intermediate
goods firm purchases capital k;—1 at the prevailing market price ¢;—1. After goods are produced
in period t, it sells the effective depreciated capital (1 — 0) tK ki—1 to the capital-producing
sector, where the effectiveness of capital might change with the stochastic capital quality /<.
Acquisition of new capital can be financed through retained earnings and bank funds. For
simplicity, we abstract from an endogenous funding decision and assume that a constant fraction

& of capital purchases are financed with bank funds
Ly = §qik, (23)

where £ € (0, 1) consistent with empirical evidence (see Section 4.). Let mc; denote the price of
each goods unit sold to the retail sector. Then, profit maximization of an intermediate goods
firm satisfies, (1 — ) mth—tt = wy, while the return on capital, which equals the return on bank

funds, is given by

Yt K
pLo1_ OMaRS + qi(1 = 0)¢;
e di—1 ‘

At the end of period ¢, capital producers purchase the depreciated capital from intermediate

good firms and repair them using the source of the final output, i.e., investment z;. New
capital is produced following a standard capital accumulation technology, satisfying k; = (1 —
8)ki_ 10 + x4, and with adjustment costs Wy (x;/x;_1). Profits of capital producers are

2
divEP = quky — qu(1 — ko1 — [\p () n 1} T ith @ () _ ( - 1) ,
t

Ti1 Ty 2 \ 11

where x7 > 0 and ¢;* denotes an investment technology shock. The capital producer maxi-

mizes the present value of dividends, i.e., Eg> ;7 A07tdivtc P such that the optimal choice for



investment x; satisfies

2 2 X
g =1+ 2 (xt - 1> + K1 <x - 1> —— — BriEiAy <xt+1 - 1> <xt+1> w)t( :
2 \m1 Tp—1 Ti-1 T Tt Yit

Each retailer, indexed by j € [0, 1], purchases intermediate goods from the intermediate

goods firm at the price mc;. They re-package and resell them monopohstlcally 1n the final goods

market. Final output y; is a CES composite of retailers’ output y;, ys = fO Y, tt dj] = = , where
1 is a stochastic elasticity. Demand for y; is given by y; = (Pj+/P:)” ™ y: and the aggregate
price satisfies P, = fo P md] T-ny "t where Pj; denotes the price of retail goods y;:. We
consider adjustment costs of price setting following Rotemberg (1982) with price indexation

at the target/long-run inflation 7. Specifically, each period a retailer j maximizes the present

Pj4 Kp Pj4 ?
: )y — 2 =2 —1 : 24
< P ) y],t-‘rl 2 7TPj,t—l Yt+i| » ( )

where r, measures the degree of the nominal price rigidity.? For P;; = P, optimal price setting

value of profits

o0
max [E; E Aty
L

leads to the following New Keynesian Phillips curve

T T T
N — 1= Tmce — Rp (l — 1) ( ) + /ﬁJpEtAt t+1yt+1 <il — 1> (il) . (25)
™ s Yt s ™

2.4. Public Sector

The central bank supplies reserves to banks in exchange for bank assets, where the asset swap
specification given in (9) applies to regular open market operations as well as to larger scale asset
purchase programmes in terms of treasuries. At the beginning of each period, central bank hold-
ings of treasuries and the stock of outstanding money are B 2, and My = fo it—1di. The
central bank then receives returns on maturing assets and can over-roll bond holdings to Bt in
the bond market. In open market operations, it receives an amount ABS = fol ABiCtdi of trea-
suries outright and temporarily under repos in exchange for money at the amount ABS/RM.
Afterwards, it pays the interest on banks’ reserve holdings R (M;_1+1}) and repurchase agree-
ments are settled, i.e., the central bank sells back Bf = fol B-R di in return for RM fol Mﬁdi. At
the end of the period, reserves held by banks satisfy fo i edl = fo it—1+ 1B it t F;i— ﬁ)di,
and aggregate reserves supply M; = M;_1 + IP — M. The end-of-period stock of treasuries
held by the central bank is given by Btc = Btc + ABtC — Bf, such that the central bank budget

constraint can be written as

Pdivy = R_1BY | — Bf + My — Ri'M;_1 + (RM — R) IP. (26)

2 A positive cost-push term 1} is related to the elasticity n: by n: = n(¢))~"»

10



Related to central bank practice, we assume that remittances Pydiv{ to the treasury consist
of interest earnings from reserve supply as well as from asset holdings net of IOR payments
Pdivy = (RM —1)IP + (Ri-1 — 1) BY | — (RE —1) (My_1 + IP). Substituting out remit-
tances in the central bank budget constraint (26) shows that central bank asset holdings evolve
according to BtC - Bt(’l 1 = My — M;_;. Further assuming that initial values satisfy Bgl =M_q,

implies for the central bank balance sheet
BE = M,. (27)

The central bank has three main instruments at its disposal: the main policy rate Riw (= Rf ),
interest on reserves (IOR) Rf, and the growth rate of reserves M;/M; 1. In the subsequent
section, we will describe how these main instruments have been controlled by the US Federal
Reserve under different monetary policy regimes. The central bank can further decide whether
money is supplied in exchange for treasuries via repos or outright. In particular, it controls the
ratio of repos to outright purchases of bonds Q; > 0 : MtR = QO M;.

Fiscal policy has access to lump-sum taxes P;7;, which ensure public sector solvency. The
government’s budget constraint is given by BtT + Py —|—Ptdivtc B — Rt,lB;f_ 1, Where B;‘F denotes
the total supply of treasuries. Given that treasuries are held by the central bank in exchange
for reserves, and banks’ bond holdings are relevant for balance sheet restrictions, we consider
an explicit supply specification for short-term treasuries. We assume that the total amount of

treasuries is supplied at an exogenous growth rate
BtT = VtBBtT—b (28)

where P is stochastic with a mean value that is identical to the inflation target, like in Schabert
(2015). Notably, this specification implies that inflation can alter the real value of treasuries
bl = B!/ P,. Below, we will further discuss the role of total bond supply and provide empirical

evidence for the specification (28).

2.5. Equilibrium properties

In equilibrium, banks are identical and all markets clear, such that total supply of bank funds
equals total demand by intermediate goods firms, L; = fol Lidi = fol L;dj, aggregate de-
posit supply by households equals demand from banks, D; = fol D; 1di, and interbank market
positions satisfy fol F;idi = 0. The aggregate stock of reserves is M; = fol M; 4di, aggregate
capital is K; = fol K;di, and the total amount of money supplied in open market operation
is IP = fol Iftdi. Bond market clearing requires the total amount of treasuries B} to satisfy
Bl = Btc + By, where B; denotes aggregate bond holdings of banks B; = fol B; +di. Using
that aggregate reserves satisfy I = (1 + Q;)M; — M,;_1, the reserve requirement (10) for a

11



representative bank can be rewritten as poD; < (1 + €¢)M;. Given the central bank balance
sheet (27), bond market clearing shows B} = M; + By, such that bond supply (28) implies that

total public sector liabilities to the private sector defined as Sy = My + B; grow at the rate VtB :
Se=v{Si1. (29)

Given that total public sector liabilities are relevant for the capital requirement, we provide
evidence for the specific form (29) in Appendix A3, where we consider several alternative spec-
ifications. With total public sector liabilities S, the capital requirement (11) can be rewritten
in aggregate terms as

(1+¢¢) Dy < Ly + 5y (30)

The full set of conditions for the recursive competitive equilibrium is given in Appendix A.
These conditions are specified independently of the prevailing policy regime, which can be
distinguished along two main dimensions:

Firstly, regimes can differ with regard to the prevailing monetary policy instrument(s).
Specifically, the central bank either controls the policy rates when money demand is well defined
or the policy rates and the supply of reserves when money demand is not determined. When
there is a positive spread between the main policy rate (i.e., the Federal Funds rate) and the
IOR, reserve holdings are costly. Then, the multiplier on the reserve requirement (10) is positive
(see 13), and banks’ money demand is well-defined by the binding reserve requirement (see 19).
In this case, monetary policy accommodates money demand, such that money supply adjusts
endogenously. If, however, IOR is set equal to the policy rate, reserve holdings are costless and
the reserve requirement (10) is slack, such that the equilibrium level of reserves is determined
by money supply.

Secondly, bank operations are constrained by the capital requirement (11). According to
(21), monetary policy is decisive for this constraint to be binding or not. In fact, the multiplier on
the capital requirement (11) depends on the interest rate level (see 15). Precisely, the multiplier
is positive if the risk-free bond rate is lower than the inverse of the stochastic discount factor in
nominal terms. If they are identical, such that EtAt7t+17rt_+11 R; = 1, banks are indifferent between
paying dividends or retaining profits today, which allows building up equity and investing at
the rate R;. In this case, the multiplier s equals zero, indicating that it is costless for banks
to satisfy the capital requirement. If the interest rate is lower, such that the multiplier s¢ is
positive (15), building up equity is costly, and the capital requirement binds (see 20). Given
that the bond rate, as well as other interest rates, follow the level of the policy rate (see 21),
the monetary policy stance decides on the relevance of the capital requirement, particularly in

the long run (where the time-index of variables is dropped).
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Proposition 1. If the central bank sets

1. the policy rate above (equal to) the IOR, the reserve requirement (10) is binding (slack).

2. the long-run real policy rate RM /m below (equal to) the inverse of the discount factor S,
the capital requirement (11) is binding (slack) in the long run.

Proof. The claim made in part 1 immediately follows from (13) and (19). The claim made in

part 2 follows from the steady state version of (21), i.e. s =1 — BRM /7, and (20). [ |

The condition for a binding/slack reserve requirement can immediately be assessed for each
state/period via observed data on the policy rate and IOR. Yet, the condition for a binding/slack
capital requirement cannot as easily be assessed, given that the multiplier depends on various
equilibrium objects, specifically, on the stochastic discount factor in nominal terms (see 21).
We therefore provide a Bayesian estimation of a model version that allows for an occasionally
binding capital requirement (see Section 4).

Further note that the household optimality condition for deposits (5) and the bank optimal-
ity condition for deposits (18) imply the following relation between the multiplier ¥/ on the
household liquidity constraint (2), the multiplier 97 on the reserve requirement (10), and the

multiplier s on the capital requirement (11)

Hence, the liquidity constraint (2) is binding if at least one of the two constraints that banks
face binds. Then, banks pass through the costs of the prevailing constraint(s) to the depositors

via a lower deposit rate, such that households hold deposits just at the minimum level.

Proposition 2. The household liquidity constraint (2) binds if the reserve requirement (10) or
the capital requirement (11) is binding.

Proof. The claim made in the proposition immediately follows from (31) and (7). [ ]

Even though they have a similar impact on household deposit holdings according to Propo-
sition 2, a capital requirement (11) is not equivalent to a reserve requirement (10). Apparently,
the two constraints differ with regard to the balance sheet items that limit the creation of
deposits. Specifically, the reserve requirement imposes a constraint on deposits exclusively in
terms of reserve holdings M; (see 10). Thereby, a binding reserve requirement constitutes a well-
defined money demand relation, providing the basis for monetary non-neutrality. In contrast, a
binding capital requirement relates deposits to bank assets, i.e., loans L; and total public sector
liabilities S; = M; + By (see 30). Therefore, the sum of reserves and treasuries, rather than
reserves, alters the relation between deposits and loans, and may thereby exert an impact on

the allocation. As reflected by the central bank balance sheet identity M; = BtC , an increase
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in money supply leads to an increase in bond holdings of the central bank. For an independent
total supply of treasuries, B} = BtC + By, as specified in (28), a change in bank reserve holdings
therefore leads to an equally-sized decrease in bank bond holdings, AM; = —AB;, such that

the impact of a change in money supply on banks’ total assets is neutralized.

Proposition 3. Suppose that IOR equals the policy rate, such that the reserve requirement (10)
1s slack. Then, changes in the supply of reserves do neither affect the equilibrium allocation nor
prices, regardless of whether the capital requirement (11) is slack or binding.

Proof. When IOR equals the policy rate, reserves are solely related to decisions and restrictions
of the private sector via total public sector liabilities S; = M; + B; entering the potentially
binding capital requirement. According to (29), the supply of total public sector liabilities S,
which — by the central bank balance sheet identity M; = Btc — are equal to BtT , is independent
of reserves M;. A change in reserve supply does therefore exclusively affect the composition of

S; by causing an equally-sized opposite change in bank treasuries holdings, M; = Bl — B;. W

Proposition 3 establishes that monetary neutrality holds under a slack reserve requirement
(10), even if the capital requirement (11) is binding. In this case, bank operations are affected
by total public sector liabilities Sy, while a change in money supply implies an inverse change in
bank bond holdings. Given that the supply of total public sector liabilities S; is independent of
reserves M, (see 29), changes in money supply exclusively alter the composition of S;. Proposi-
tion 3 implies that an increase in money supply neither affects output nor the inflation rate at
the ZLB, where the reserve requirement (10) is slack. Notably, this property is consistent with

the lack of inflation hikes in post-2008 US data even under increases in reserves induced by QE.

3. Monetary policy under binding capital requirements

In this section, we examine main properties of the model in an analytical way. It is well-
established that the sequence of policy rates followed a Taylor-type feedback rule under pre-
GFC monetary policy, while the reserve requirement (10) and thereby the household liquidity
constraint (see Proposition 2) were binding due the non-existence of IOR. The performance of
this type of New Keynesian model with liquidity-constrained agents is well-established, and its
local equilibrium determinacy is known to depend on the Taylor principle (see e.g. Ravenna
and Walsh, 2006). Here, we focus on main properties of post-2008 monetary policy where the
equality of IOR and FFR has led to a slackening of the reserve requirement (see Proposition
1), while the capital requirement has been binding, as will be confirmed by the estimations in
Section 4. We, firstly, derive local equilibrium determinacy properties and, secondly, examine
impulse responses to productivity and cost push shocks.

To facilitate the derivation of analytical results, we introduce some simplifying assumptions,

mainly by reducing the set of endogenous state variables: Firstly, we ignore households’ internal
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habit formation h = 0, such that the first-order condition (4) simplifies to, ¢; 7 = A, + 9f'.
Secondly, we abstract from capital formation and consider a linear production function (« = 0),
i.e., yr = awng. As assumed before, external financing is required for funding the costs of
production. Given that we abstract from capital formation, we assume that external funds are

equal to a constant fraction £ of production:

lt = &yt. (32)

Thirdly, we consider a simple feedback rule for the policy rate, RM/R™ = (m;/7)""", with
Yrx > 0. In addition, we restrict parameter values to ensure that the capital requirement
establishes an unambiguous relation between the supply of public sector liabilities S; and real
activity. Precisely, the capital requirement is assumed to satisfy ¢ > u& — 1. According to our
analysis of post-2008 data in Section 4, this parameter restriction is satisfied. Finally, we set
those stochastic variables equal to their steady state values, which have solely been introduced
to enhance the model’s fit to the data.
Assumption 1. Agents’ preferences (1) and the production function (22) satisfy h = 0 and
a =0, firms’ loan demand is given by (32), instead of (23), the policy rate satisfies RM /RM =
(m¢/7)""", and the capital requirement ¢ > ué — 1, while v =N =1, ¢y = ¢, and vP = vP.
Based on the set of equilibrium conditions for the simplified version, we apply a linear
approximation of the equilibrium conditions at a steady state of the economy, where the real
interest rate is sufficiently low such that the multiplier on the capital requirement is strictly
positive (see Proposition 1). According to Proposition 3, money is neutral when R = RM
such that the reserve requirement is slack. We can therefore neglect the sequence of reserves for
the analysis in this section. Let variables without a time index denote steady state values and
variables with a hat denote percentage deviations from a steady state. In the neighborhood of
this steady state, a rational expectations equilibrium (REE) under a slack reserve requirement
and a binding capital requirement is a set of sequences {7, s, Xt}fio that converge to the

steady state and satisfy ﬁé‘/l = Y7t (see Appendix A2),

%t = BEt%tJrl — Haat — E)\t —|— Hs/S\t — K/I?l’?]t, (33)

Bt — By + E%ﬂ = Fah+F s, (34)

5t = —m+ 51, (35)

where Iy = Zo,, F =1+ 1%kt > 1L I, =E(1+0y), E = "H——l >0, Fs = %06, >0,
and k, = %%/(1 + %%) € (0,1), given {a;,m:}72,. Output and consumption are further

determined by 4; = ¢; = 5. This set of conditions differs from a basic New Keynesian model by
two elements: Firstly, the Euler equation (15) differs from those of a textbook version of the New

Keynesian model by the multiplier s on the capital requirement. Secondly, the supply of total
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public sector liabilities (see 35) matters in this economy, because they shift the relation between
deposits and loans via the capital requirement (see 30). Therefore, s; enters the aggregate
supply constraint (33) and the condition (34), which originates in the Euler equation. As a
consequence, local equilibrium determinacy does not rely on the well-known Taylor principle.
Given that public sector liabilities are supplied in a way that relates to a constant money growth
policy in a New Keynesian model (see Chowdhury and Schabert, 2008), the equilibrium is stable

and uniquely determined when the interest rate is pegged v, » = 0, for example, at the ZLB.

Proposition 4. Suppose that Assumption 1 holds. A REFE under a slack reserve requirement
and a binding capital requirement is uniquely determined if

Fo+(Q+Fx)on  (1+F))1+0)

Yrw <14 5 + : (36)

[1]

Proof. See Appendix A2 [ |

According to Proposition 4, equilibrium determinacy is ensured if the inflation feedback
does not exceed an upper bound specified by the RHS of inequality (36). This threshold is not
restrictive under plausible parameter values, for example, based on the calibration informed by
the estimation results in Section 4, the bound is computed to be 28.27.

The set of conditions (33)-(35) reveals that a positive productivity shock a; > 0 and a
cost-reducing shock 7; > 0 have symmetric effects on inflation 7, public liabilities §; and the
multiplier Xt due to the property that they exclusively enter (33) with identical signs. Since
s; = ¢ and ¢ = y; further hold in equilibrium, the impact of these shocks on output are also
symmetric. Hence, to qualitatively assess the effects of productivity and cost push shocks on

output and inflation, it suffices to examine only one of them. As for the determinacy analysis,
we thereby do not need to examine the regimes at and above the ZLB in a separate way.
Proposition 5. Suppose that Assumption 1 holds and that (36) is satisfied. Under a slack

reserve requirement and a binding capital requirement, a negative productivity shock a; < 0 and
a cost-push-shock 1y < 0 lead to a decline in output and an increase in inflation on impact if

Fx
> (1— _— 37
pa > (1= ps) Iy — ps (37)
/ Fstik
) — A " TFxzes
or if pa < (1 — ps) s and vy x <14+ (1*93)“}%8 . where ps € (0,1).
Proof. See Appendix A2 [ |

Proposition 5 reveals that the direction of the effects of productivity and cost-push shocks
is not affected by an interest rate peg, v,.» = 0. In fact, a productivity (cost-push) shock leads
to an increase (decrease) in output and a decline (increase) in inflation if the autocorrelation
coefficient p, is sufficiently high, i.e., if (37) is satisfied. The sign of the output responses to both
types of shocks are not opposed between policy rates at or above the ZLB, which is predicted by
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the basic new Keynesian model (see Eggertsson, 2011, 2012). When (37) holds, both types of
shocks therefore lead to intuitive responses regardless of the ZLB. Using the parameter values
based on US data (see Section 4), the RHS of (37) is given by 0.51, whereas the autocorrelation
coefficient equals p, = 0.82 (p,, = 0.85) and is therefore clearly satisfies (37).3

4. Quantitative results

In the first part of this section, we estimate the model for post-2008 US data, indicating that
capital requirements have been binding since the GFC. In the second part, we examine the

transmission of macroeconomic shocks.

4.1. Evidence on binding capital requirements

Figure 1 and Proposition 1 indicate that the reserve requirement (10) has been slack since 2008,
when the US Federal Reserve set IOR equal to the policy rate R = RM. Figure 1 further
shows how the capital-to-asset ratio increased since 2008 and went down in 2020, which relates
to the gradual implementation of Basel II and III since the GFC, and the relaxation of capital
requirements at the onset of the pandemic. We perceive this pattern as suggestive of capital
requirements to be binding since 2008. This can, however, only be validated by assessing the
multiplier on the capital requirement and therefore the relation between the real interest rate
and the stochastic discount factor (see 21).

To assess the relevance of capital requirements, we allow for occasionally binding capital
requirements and re-specify the framework in form of a regime-switching model (like Benigno
et al., 2025), where the switch refers to slack or binding capital requirements. To focus on our
main novel argument, we thereby abstract from policy regime switches that might have occurred
simultaneously. Specifically, we disregard regime switches between a state-contingent feedback
rule for the policy rate to a fixed main policy rate at the ZLB. According to Proposition 4,
the model is uniquely determined even under a peg, which allows specifying the sequence of
policy rates by the realized sequence in the data. For the identification of regime switches, we
focus on the information about the multiplier of capital requirement (see Proposition 1). We
abstain from imposing pre-specified values for the capital requirement ratio and let the leverage
ratio be determined by observed data. The reason for this strategy is that bank regulation has
been implemented as a combination of capital requirements related to assets with different risk
weights, state-contingent capital buffers, and additional leverage ratio requirements. Moreover,
regulatory standards according to Basel IT and 111, and the Dodd-Frank Wall Street Reform were

gradually introduced over time, such that time-invariant capital ratios would be misspecified.

3For the computation of the upper bound, we used that the unique stable eigenvalue of the simplified model
equals ps = 0.85.
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4.1.1. A regime-switching specification

In this subsection, we describe a regime-switching re-formulation of the model. We introduce a
two-state Markov chain that governs the tightness of the capital requirement, denoted as Sée” =
{S, B} where S indicates that the capital requirement is slack, and B indicates that the capital
requirement is binding. Focusing on the post-2008 period, we use that the reserve requirement
has been slack. For simplicity, we introduce ad-hoc costs of managing deposits k%, which ensures
that the household liquidity constraint (2) binds even if both requirements for banks are slack
(see also Proposition 1).# For the two-state Markov chain S!*” governing the relevance of the

capital requirement, we introduce the following matrix of transition probabilities,?

1-— probf’B probf’B

probf’s 1-— probf’s

lev _
where probf ‘B denotes the probability of transitioning from state S in period ¢ to state B in
period ¢t + 1, with 1 — probf B denoting the probability of remaining in state .S. The terms
probf S and 1 — pmb? S are defined analogously. These probabilities are specified as logistic
functions, ensuring that they are bounded between 0 and 1. Let > be the steady-state value
of the multiplier under a binding capital requirement, i.e., z = 1 — BR™(B)/r > 0, and 3 be
the distance of the multiplier s from this steady state value, 3¢ = >4 — 3. The endogenous
transition probabilities are assumed to satisfy
1

1+ Ospexp(—bspoa)’

1
e - 39
provy 1+ Opsexp(Ops3a)’ (39)

probf’B (38)

where O, and O ¢ are scaling parameters for the transition probabilities and the parameters
s, and 6, s measure the sensitivity of switches. Equation (38) implies that the probability
of transitioning from a slack to a binding capital requirement increases with the multiplier
. Likewise, equation (39) implies that the probability of transitioning to a slack capital
requirement increases when the multiplier sz falls below the steady state value 3 such that
2 gets negative, indicating that the constraint imposed by the capital requirement is less
tight. To formalize regime-specific conditions, the complementary slackness condition (20) is

re-specified by introducing a regime-switching indicator z(S!*”), which takes the values z(S) = 1

“The banks’ first-order conditions for deposits is then given by 1 = (14 ¢)se; + &% + By 177, +11 RP instead
of (18), while the multiplier ©#f on the household liquidity constraint (2), pdf /As = k% + (1 + @) > 0.

5We adopt regime-dependent steady states as perturbation points, following Binning and Maih (2017) and
Barthélemy and Marx (2017), which naturally impose a non-negative Lagrange multiplier, offering a useful
approximation for analyzing capital regulation.
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and z(B) =0,
2(Si) s + (1= 2(SI) ) (e — 1) = 0, (40)

where ¢ denotes the observed capital-to-deposit ratio e; = e;/d;. For state S, the first term
in (40) implies that the multiplier > is equal to zero. For state B, the second term in (40)
demands the endogenous capital-to-deposit ratio € to be equal to the policy-imposed capital-
to-deposit ratio ¢;. Hence, the policy-imposed leverage requirement ratio ¢; will be determined
as an outcome of the model estimation.

To capture the heightened macroeconomic uncertainty observed during the GFC and the
COVID-19 pandemic, we follow a standard approach (e.g., Liu et al., 2011; Benigno et al., 2025)
and allow for heteroskedasticity in the standard deviations of all structural shocks. Specifically,
we allow for regime-dependent standard deviations for the structural shocks. For this, we define

two regimes SP° = {L, H} with the transition matrix

bL’H bL’H

1—pro pro

Qvol _

bH’L bH’L

pro 1—pro

where prob™H (prob™>1) is the exogenous probability of transitioning from a low (high) volatility
state L (H) to a high (low) volatility state H (L). Hence, our model comprises four regimes
denoted by S; = Slv x Sp°!, which are governed by a combined transition matrix Q11 =

lev 2 Qv°l. Finally, the model incorporates the following shocks expressed as AR(1) processes:
TFP a;, consumption preference ¥}, IST X, labor supply ", capital quality /<, cost-push
¥, equity-to-deposit ratio ¢, and a stochastic process of public sector liabilities supply utB .

The set of equilibrium conditions is provided in Appendix A4.

4.1.2. Estimation results

The first-order perturbation solution is obtained using the functional iteration method proposed
by Chang et al. (2021), which accommodates nonlinear regime-switching models with multiple
steady states and endogenous transition matrices. Posterior mode maximization and posterior
simulation are implemented via the RISE toolbox. Bayesian estimation is conducted using U.S.
quarterly data spanning from 2008Q4 to 2024Q3. Observed quantities are seasonally adjusted
for population growth and expressed in terms of growth rates. We consider an exogenous
balanced growth path bgp, which will be identified by the estimation. For the estimation, we use
time series for the nominal FFR Ri‘ﬁlam, CPI inflation 7 g4t4, the Tier-1 capital-to-deposit ratio

€t,data, Per capita real GDP growth Alog ¥ datq, non-durable goods real consumption growth

SFor identification purposes, we impose a restriction i) < Sim), © € {a,b,k,z,n,p} with the ordering
consistent with the sequence of shocks introduced above, ensuring that the standard deviation of shock ¢ in the
low-volatility regime is strictly smaller than in the high-volatility regime.
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Figure 2: The black line in the top panel represents the probability of being in a low-volatility regime. In the
middle panel, the black line represents the smoothed probability of being in a binding capital requirement regime,
while the dashed line plots the filtered probabilities using information only up to time t. The black line in the
bottom panel depicts the expected trajectory of the capital requirement multiplier. The initial point of the
filtering procedure is set to the ergodic mean.
Alog ¢t data, real fixed capital investment growthAlog o 4414, and real wage growth Alogwy dqtq-
A subset of parameters is calibrated, using empirical means or information from other stud-
ies.” The discount factor is set to § = 0.99682, which equals average ratio of inflation to the
Federal Funds rate based on pre-2008 data (1994Q1-2008Q3). The (annual) inflation target is
set at 2% and the steady-state Federal Funds rate at 1.1%, reflecting the post-2008Q4 sample
mean. For the utility function, we set ¢ = 1, while the weight y = 2.95 is calibrated such
that steady-state labor supply equals one-third of available time in state S. The steady-state
consumption-to-deposit ratio is set at pu = 0.22, based on the sample mean of nondurable
consumption relative to broad money (M3). The marginal cost of deposits, kg = 0.12%, is
calibrated to match a 0.5% annual deposit—-bond spread, consistent with Ulate (2021). The
steady state equity-to-deposit ratio is set at € = 9.9%, which equals the average after 2009Q3.
The marginal monitoring cost k7, = 0.625% matches the sample mean of the spread between the
prime loan rate and the Federal Funds rate. The share of firms’ external finance, ¢ = 0.2, equals
the sample mean of the ratio of non-financial firms’ debt to net worth. Capital depreciates at

d = 0.025 quarterly. Finally, the parameters 6 s and 6, in (38) and (39) are set at 2000 (see
e.g. Binning and Maih, 2017).

"We use the following data sources (from FRED database): non-durable goods consumption (PCEND),
M3 monetary aggregate (MABMM301USM189S), total non-financial firms’ loans (NCBLL), and net worth
(TNWMVBSNNCB).
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Table 1: Model comparison

DSGE-B DSGE-RS DSGE-S
Log MDD (Laplace) 1232.47 1225.60 1196.84
Schwarz Information Criteria -2477.59 -2444.97 -2437.31

The remaining parameters are estimated under weakly informative priors. Following Bjgrn-
land et al. (2018), we use 90 percent quantile intervals, allowing the data to primarily shape
the posterior distributions.® For the scaling parameters Osp and Oy ¢ of the transition proba-
bilities (38) and (39), we choose an identical and loose distribution, capturing the uncertainty
about the switch between binding or slack capital requirements. We find that the data provides
informative signals for a large majority of the estimated parameters (for the full set of priors
and posteriors see Table A3 in Appendix). For the parameters governing the heteroskedasticity,
we find clear differences between high- and low-volatility states. The model further accounts
for the transitory nature of the disruptions caused by the COVID-19 pandemic, as reflected in
the first panel of Figure 2 and the relatively high transition probability of prob™* = 9.56%,
which is three times as high as the probability of moving from low to high volatility regime.
The posterior modes of the scaling parameters Oy and Oy, 5 are estimated at 26.58 and 27.86,
which imply steady-state transition probabilities of 3.63% from state S to state B and 3.47%
for the opposite direction.

The second panel of Figure 2 displays the model-implied smoothed probability of being in
state B, which measures the ex-post estimated likelihood that the capital requirement is binding,
conditional on the full sample of observed data. The result indicates that the capital requirement
starts to be permanently binding shortly after the onset of the GFC (2009Q2), including the
pandemic period. The third panel of Figure 2, which shows the expected smoothed trajectory
of the multiplier s on the capital requirement, confirms this finding. The multiplier fluctuates
in the positive domain, confirming a permanently binding capital requirement. At the onset
of the GFC and the COVID-19 pandemic periods — when regulatory capital requirements were
temporarily relaxed — the multiplier is relative low, indicating a reduction of equity creation
costs in these episodes.

To further assess the validity of our model, we estimate two alternative model specifications:
one where the capital requirement is always binding (DSGE-B), and another where it is always
slack (DSGE-S). Table A3 presents posterior estimates for these specifications. The fit of the
three model versions is formally assessed by the comparison of the marginal data density (MDD)

at the posterior mode, reported in Table 1, and computed by Laplace approximation. While

8The posterior mode is searched using the stochastic global optimizer, ”"bee gate”, available in the RISE
toolbox (see Chang et al., 2021). While it helps avoid getting trapped in local maxima, it comes at the cost of
longer computational time relative to derivative-based alternatives.
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the regime-switching specification with an occasionally binding capital requirement, DSGE-RS,
provides information for the probability of binding capital requirements, it does not achieve the
highest MDD (1225.60) and falls short of the value for the DSGE-B specification (1232.47). This
outcome is influenced by the implicit penalty for model complexity, particularly in terms of pa-
rameter dimensionality and structural flexibility. The markedly lower MDD value (1196.98) for
the specification DSGE-S reveals a less plausible data-generating process and thus misspecifica-
tion of the model with slack capital requirements. The relative performance of the alternative
model versions in fitting the data remains unchanged when evaluated using the Schwarz In-
formation Criterion (SIC), a similar criterion that penalizes additional parameters in posterior
densities (see discussion in Liu et al., 2011).” In particular, this information criterion confirms

that the DSGE-B version fits the data best.

4.2. Transmission of macroeconomic shocks

In this section, we present impulse responses of the estimated model to macroeconomic shocks.
We firstly assess responses to supply side shocks, i.e., productivity and cost push shocks, at
and above the ZLB, confirming the findings presented in Proposition 5. We secondly examine
the transmission of fiscal shocks, which shows that a binding capital requirement causes fiscal
multiplier not be substantially affected by policy rates at the ZLB. Different versions of the
model will be appreviated with three letters, where the first informs about whether the reserve
requirement is slack (S) or binding (B), the second about the capital requirement, and the third
about the policy rate being at the ZLB (Z) or above (N). For example, the pre-2008 regime will
be abbreviated with "BS-N” and ZLB regime after 2008 with ”SB-Z”. For the counterfactual

policy regime where both requirements are slack we will use "NKM”.

4.2.1. Supply side shocks

Figure 3 shows impulse responses to productivity and cost-push shocks for the estimated model
at the ZLB. The black solid line shows impulse responses for our benchmark model (SB-Z),
where the central bank sets IOR equal to the policy rate such that the reserve requirement is
slack and the relatively low real interest rate induces the capital requirement to be binding. The
first two rows show responses to a productivity shock, and the last two rows show responses to
a cost-push shock. Consistent with conventional expectations, productivity (cost-push) shocks
raise (reduce) aggregate output and reduce (raise) inflation. Consumption and investment
increase as well as bank funding.

The blue solid line refers to a counterfactual model version at the ZLB, where the reserve and

9Unlike the Laplace approximation, which accounts for the curvature of the posterior density via the Hessian
matrix, SIC penalizes model complexity based on the dimension of parameters and sample, tied to the maximized
likelihood.
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Figure 3: Impulse responses to a 2% TFP shock and a cost-push shock (modelled as a 20% reduction in the
elasticity of substitution), comparing the benchmark model (SB-Z: black solid line) and a NK-type specification
(NKM-Z: blue solid line) under the ZLB. The vertical axis reports percentage deviations from the steady state.
the capital requirement are assumed to be slack (NKM-Z). Given that the reserve requirement
is also slack, neither reserves nor total public sector liabilities are relevant for the allocation.
This version thus relates to a standard New Keynesian model. In contrast to the benchmark
model, which is locally determined under a peg (see Proposition 4), a New Keynesian model
is known to be locally indetermined under a peg. A typical strategy to ensure equilibrium
uniqueness is to apply an interest rate rule that satisfies the Taylor-principle and to introduce
an adverse shock, which is sufficiently large to induce that the central bank sets the interest rate
at the ZLB. To keep the analysis as transparent as possible and to abstract from the impact of
expected duration at the ZLB, we abstain from this strategy and assume that the policy rate
is pegged at zero, while we apply the minimum state variable solution for NKM.

Apparently, the counterfactual model predicts that output falls (increases) at the ZLB in
response to a productivity (cost-push) shock. These well-established counterintuitive predictions
of the New Keynesian model (see Eggertsson, 2011, 2012) are based on the property that the
real interest rate increases (falls) in response to a productivity (cost-push) shock, raising agents’
willingness to save more (less). This impact of the monetary policy rate on aggregate demand
dominates the impact of the shock on the supply side. In the benchmark model with a binding
capital requirement, the impact of the real policy rate on agents’ intertemporal choices is muted

by the multiplier on the capital requirement (see 21), such that the supply side effects dominate
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Figure 4: Impulse responses to a 2% TFP shock and a cost-push shock (modelled as a 20% reduction in the
elasticity of substitution) in the benchmark models (SB-Z: black solid line; SB-N: blue solid line), a NK-type
specification (NKM-N: black dashed line), and a model version with a binding reserve requirement (BS-N: green
solid line). The vertical axis reports percentage deviations from the steady state.
and intuitive effects of both shocks prevail.

Figure 4 displays impulse responses to productivity and cost-push shocks for four model
versions: the benchmark model at the ZLB and above the ZLB (SB-Z and SB-N), the New-
Keynesian-type model (NKM-N), and a specification with a binding reserve requirement and

slack capital requirement (BS-N). Given that we consider the policy rate is to be set above the

ZLB, we assume that the main policy rate follows a standard Taylor rule,

R JRM = (RML/RMY (o)™ (i)™ (41)
where 4™ > 0 and 7Y > 0 denote the feedback coefficients to changes in inflation and in the
output gap, which is measured by output deviation from its flexible price level y;. Values for
the coefficients in (41) are taken from Smets and Wouters (2007): p, = 0.81, v, = 2.03 and
Yry = 0.08. A comparison of the four versions shows that they lead to similar impulse responses
under both types of supply side shocks. Overall, these results suggest that the ZLB (or, more
generally, interest rate pegs) do not substantially affect the transmission of supply side shocks
under binding capital requirements. In fact, the versions with slack capital requirements (NKM-
N and BS-N) exhibit broadly similar, though slightly more pronounced, output responses. These

findings indicate that binding capital requirements have no systematic amplification effects of
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Figure 5: Impulse responses to a 2% increase in government expenditures with autocorrelation v4 = 0.8 in the
benchmark models (SB-Z: black solid line; SB-N: blue solid line) and in two NK-type specifications (NKM-Z:
black dashed line; NKM-N: blue dashed line). The vertical axis reports percentage deviations from the steady
state, while the response of government expenditures is adjusted by the steady-state ratio g/y.

supply side shocks above the ZLB. Notably, this property differs from the predictions of models
where leverage constraints endogenously arise due to the presence of financial frictions (see e.g.

Gertler and Karadi, 2011), which have been omitted in our analysis to isolate the effects of the

capital requirement.

4.2.2. Government spending shocks

To demonstrate that capital requirements are also relevant for demand shocks, we further in-
troduce government expenditures g;, which are assumed to be financed through lump-sum tax-
ation, for convenience. Government expenditures follow an AR(1) process: ¢:/g = (gt—1/9)"
exp(c9e! ).19 Figure 5 presents the impulse responses to a positive government expenditure shock
for four specifications of the model (SB-Z, NKM-Z, SB-N, and NKM-N).

According to a basic New Keynesian model, government spending tends to raise inflation and
to partially crowd-out consumption and investment, such that the fiscal multiplier is less than
one. This is confirmed by the blue dashed lines (NKM-N), where the fiscal multiplier equals the
relation of the output and the government expenditure responses. The overall pattern of the
NKM-N responses are closely related to the impulse responses for the versions with a binding
capital requirement above and at the ZLB (SB-Z and SB-N). When the capital requirement is
slack, the responses are however markedly different at the ZLB, revealing an impact multiplier
clearly above one. This outcome is well-established (see e.g., Christiano et al., 2011) and relies
on the inflationary impact of the fiscal shock, which implies a reduction of the real interest
rate at the ZLB. Like for the supply side shocks, the real interest rate is decisive for aggregate
demand under a slack capital requirement, such that consumption and also investment are

crowded-in. Under a binding capital requirement, the real interest rate effect is muted, such

10Given that the model has been estimated without government expenditures, we apply a relatively small
value (5%) for the steady-state output share g/y.
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that the impact multiplier rather takes normal than extreme values, as reported for standard

New Keynesian models (see e.g., Christiano et al., 2011).

5. Conclusion

Our paper presents a medium-scale macroeconomic model with banks that incorporates key
features of U.S. monetary policy before and after the GFC. The model allows the central bank
to control the federal funds rate, IOR, and the supply of reserves. It captures the transition from
a pre-2008 regime characterized by binding reserve requirements and zero IOR to a post-2008
environment with satiated money demand and positive IOR. In addition, the model introduces
a regulatory capital requirement that constrains bank deposit creation.

We estimate the model using a regime-switching structure that allows for the capital re-
quirement to bind occasionally. The estimation reveals that the capital requirement has been
permanently binding after 2008, even during the COVID-19 pandemic, despite temporary reg-
ulatory relaxation. We find that this result is rather driven by relatively low real interest rates,
which increase the cost of equity creation, than by stricter regulatory standards introduced
after the GFC. We further show that a binding capital requirement can fundamentally affect
macroeconomic dynamics, especially at the ZLB. We show analytically that local equilibrium
determinacy is not threatened by interest rate pegs when standard New Keynesian models
predict indeterminacy. Notably, binding capital requirements do not restore monetary non-
neutrality at the ZLB, which is consistent with missing inflation hikes after increased reserve
supply since the GFC. Unlike standard models, a monetary policy regime under binding capital
requirements is associated with conventional output and inflation responses to productivity and
cost-push shocks at the ZLB. An assessment of the transmission of macroeconomic shocks shows
that an accommodative monetary policy at the ZLB does not reverse the responses of output
relative to an active interest rate policy. Above the ZLB, binding capital requirements do not

systematically amplify responses to macroeconomic shocks.
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A  Appendix

A1 Rational expectations equilibrium

A REE is a set of sequences of quantities {y;, ¢, ¢, nt, k¢, di, g, by, b, my, mf, iP} and prices

{wt, MCty Nty dty Tty )‘{{a 191{{’ ﬁtBa Mt At,t+1a RtLa RtD7 Ri]w) Rﬁv RtFa Rt} SatiSfying the fOHOWiIlg

conditions,
U (€)™ = BREW 1 (Civn) ™ = N + 0, (A1)
Mw, = xvp'nf", (A2)
pdf N+ By am N RP = 1, (A3)
pdy > ¢y, 9P =0, or pdy=c, if 97 >0, (A4)
Avarr = BAGL /N, (A5)
9P = RM — RE, (A6)
97 = R - Rf', (A7)
s =1 — BNy Ry, (A8)
1= sq + BNy R (A9)
1=+ EAyypim ) (RE — kL), (A10)
1= (1+¢0)s + 09 +EBilypam R, (A11)
my_m; L4 —pdy >0, if 9P =0, or my_im;t i —edy =0, if 9P >0, (A12)
li + b +my — (14 ¢p)dy >0, if s =0, or ly+b+my— (1+¢)dy =0, if 3¢ >0, (Al3)
I = Eqike, (A14)
ke = (1= 0) ki1 + @y, (A15)
Yr = atkto‘,ln%_a, (A16)
(1 — @) meyyr = wing, (A17)
Rtht_1 = [amctyt/kt_l +q (1 — 5)1&{{] /-1, (A18)
X ki [ T ? y Tt Te41 v\ U
@Y =1+ > <56t1 - 1> + K1 <$t1 - 1> oy KB A 41 (ﬂft - 1> <$t> by
(A19)
ne — 1 =mmeg — Ky (% — 1) (%) + ﬁpEtAt7t+1% (% — 1) (%) , (A20)
e =n(Py) ", (A21)
et + [\If ($>+1]1§+?<7¥—1>2%=yt, (A22)
my = my_1m; t 40D —ml, (A23)
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mﬁ = Qymy,

bl = my + by,
th/thq = 7T/7Tt’
mt/mt—l = 77/7Tt7

RM/RM = (RM,/RM)" [(m/ﬂ)vrm (yt/yf)vr’y}l_pr

, if RM >0, or RM =1, (A298)
the transversality conditions, given exogenous sequences {ay, @/Jtp ,wtx ,w,fv ,wtK W dry Qb b >
0, bL; > 0, and m_; > 0. For the specifications NKM-N and NKM-Z used in Section 4.2,
the reserve requirement (A12) and the capital requirement (A13) are slack, and money-related

conditions (A23-A27) are omitted.

A2 Appendix to Section 3.

Suppose that Assumption 1 holds. Then, the resource constraint reduces to

2
¢ = Py, where &y =1 — % (ﬂ — 1) , (A29)

™

where ®, is an inefficiency wedge between consumption and inflation. Using aggregate produc-

tion, y; = a;ne, and (A29), to substitute out working time in (6), gives
No= xcma; 7O (A30)

Consider ¥ = 0 and s > 0, such that reserve requirement is slack and the capital requirement
binds, (1 + ¢) d; = l;+s¢. According to Proposition 2, the household liquidity constraint is then
also binding, ¢; = pd;. Further, using loan demand (32) and the resource constraint (A29), the
binding capital requirement implies

¢ = plsy, (A31)

where plev =1/ (% — %) > 0. Under Assumption 1, the household optimality condition (4)
simplifies to ¢; 7 = M + 91, Substituting out the multiplier ¥ with (31) for ¥ = 0, yields

Y (L)) e

Further, labor demand (A17) simplifies to w;/a; = mec;. Using the latter and (/I\Jt = 0, we
log-linearize (15), (25), (29), (A30), (A31), (A32) at the steady state, leading to

o~ ~ o~ o~ % .~
Eidiv1 — By — M+ Ry = — T, (A33)
T = PET1 +E(W — ar) — e/ kp, (A34)
St = St—1 — T, (A35)
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>\t = O'n/C\t - O'nat - ﬂj\t, (A36)

& = s, (A37)
—0C, = A+ Kxn, (A38)

1t
where = = ”T;l and K, = I:t% € (0,1). Substituting out w; with (A36), and ¢; with (A37)
“w

in (A34), gives
7 = BEF 41 + I8 — BN — gy — 1t/ kp. (A39)

Combining (A37) and (A38) to —os; = Xt + K, , and using the latter to substitute out 7z in
(A33), gives
EtXtJrl — EiRer1 + Re = F o5 + F e, (A40)

where 11, = E(1 +0,) > 0, Il = Z0, > 0, Fs:ﬁ/@;10>0and,f>\:1—|—im

1—s

-1
>

Hence, (A35), (A39), and (A40) constitute a 3x3 system in {7, 5y, \¢} for a sequence for Ry

given by monetary policy.

Proof of Proposition 4. Since there is one predetermined state variable {s;} and two non-
predetermined variables {X, 7t }, the REE is stable and locally determined if and only if there
are two unstable and one stable eigenvalue. Substituting out ﬁf\/l with }A%f\/[ = Y7t and sum-

marizing the system (33)-(35) by

30 I Fri1 1 = 0 o 1L, G
0 0 1 Mot | =] -1 0 1 N+ 1k, |,
Yr — 11 —F S 0 Fx O Si—1 0 0

we define the matrix A as

-1

A _ 0 0 1 -1 0 1
Yom—1 1 —F, 0 Fx 0
Characteristic polynomial of A is given by G(X) = X3 — B+E+HS_EgT’W+BFA+1X2 *
E+f raw,ﬁzlﬁsw/ AL IAFL %  Fa with
EF s +1(Fy—1
c)=-2 <, quy=FED L,
3 B

g

EF s +(4F ) (2(148)+11s)
2

Hence, G(—1) is negative for v, » < 1+ , or using Il = Zoy,

s 1 n 1 1

[1]
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Given that G(0) = —F 5/ < —1, there exists at least one unstable eigenvalue. Further, G(1) >
0 implies that there is at least one stable eigenvalue between zero and one. For G(—1) < 0,

the third eigenvalue is unstable. Hence, the system is locally stable and uniquely determined
iff (A41) is satisfied. [ ]

Proof of Proposition 5. Suppose that (36) is satisfied and productivity a; follows an AR(1)
process, a; = pqat—1 + €44 With p, € (0,1). Further neglecting cost push shocks 7 = 0, the

fundamental solution to the system (33)-(35) with RM = YraTt can be written as

T = 57r,s§t71 -+ (Smaat, (A42)
A = OxsSio1+ Oxadt, (A43)
S = psgtfl + 5s,aat7 (A44)

where we know that ps € (0,1), since the unique stable root of the system (33)-(35) lies between
one and zero. To identify the six unknown coefficients in (A42)-(A44), replace the endogenous
variables with the fundamental solutions. Substituting out E;7y11, 7, Et/):tﬂ, Xt and 5; with

the fundamental solutions (A42)-(A44) in (33), and using Eie, 41 = 0, yields
[(&r,s + Ed)\,s) - B(sﬂ,sps - Hsps] gt—l - [ﬁ&r,sés,a + Béﬂ,apa + Hs55,a - (671',(1 + E6/\,& + Ha)] ata

which can only be satisfied if the following equalities hold

i) (1 - BPS) Or,s = Ilsps — 55)\,:137
i1.) (BOrs +1s) 050 = (1 — Bpa) Ora + Z0x ¢ + 1.
Substituting out 7; and S; with the fundamental solutions (A42)-(A44) in (35), yields
(05,0 + 0ra) Gt = (1 — ps — Oz ,s) St—1, which can only be satisfied if the following equalities hold
iii.) Ors=(1— ps) >0,
iv.) — 0rq = 0sq-

Substituting out E;7y 11, 7y, Et/)\\t+1, /)\\t and §; with the fundamental solutions (A42)-(A44) in
(34) and using Eieq 441 = 0, yields

0 = (5)\,sps - (1 - 'Yr,rr) 57r,sps —F sps — F)\(S)\,s) :S\t,1
+ (5)\,553,(1 + 5/\,apa - (1 - '77',7r) 57r,s(ss,a - (1 - 'Yr,rr) 57r,a,0a - Fsds,a - F)\(S)\,a)at,

which can only be satisfied if the following equalities hold

Ps
1— T, 57rs+Fs <07
(1= em) s + )

'UZ) (5/\,3 - (1 - FY’!’,T() 67r,s - Fs) 55,& = (F)\ - pa) 5)\,11 + (1 - Pw) 57r,apa~

v.) Org = —
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The unknown coefficients in (A42)-(A44) can be determined by the equations i.) — vi.). Sub-
stituting out 0, s = (1 — ps) and d, o with 4ii.) and iv.) in @3.) , yields

= 1I
Opa=— e — = . A45
GO p) )+ (=B ™ Bl p)+ M)+ (1= Bpa) )
Substituting out x5, ds.4 and 6y ¢ with 4ii.), iv.) and v.) in vi.), further yields
Sra = U = pa) Sra. (A46)
(1_7’!‘,”) ((1_,05) Fa— p _ptl)"i_FsF)\ Ds
Hence, the coefficients dr , and 6y , have the same sign if
Fa ( F )
Fs > (1 — v r o — (1 — ps . A47
s (I =%7) { pPa—( p)ﬁips (A47)
For p, < (1 — ps) ﬁ’ the inequality (A47) is satisfied if
[ o2
Yom <14 faps : (A48)

(1 ps) ,r)\ p — Pa

For p, > (1 — ps) FA A, the inequality (A47) requires x> 1—F 472 ps/(pa (1 —ps) 72 ps)
which is satisfied for v, > 0, pg € (0,1), and ps € (0,1), given that the second term on the

RHS is larger than one. To see this, use that

F F
F —(1— >1 < H > Pa,
SF)\—/JS/ (Pa ( ps) FA—ps> (PS) Pa

where H(ps) = stfjps + (1 —ps) ffjp and H'(ps) = F A ’(fs f;tl > 0, such that H(ps) >

H(0) = F s + 1. Finally, substitute out ér, in (A45) with (A46), yielding

(FA _pa)

e = — =
) (1 =) ((1 Ps) i —,oa)+Fs,f3,,s A=) L)+ (- )

. Ha
(B (1 - ps) + Hs) + (1 - 5pa) '

The term in the square brackets is positive if (A48) is satisfied. Then, dy, as well as 6, (see

A46) are negative, such that d; , is positive according to iv.). [ |

A3 Supply of public sector liabilities

In this appendix, we provide evidence for the supply of public sector liabilities (29). Firstly, we
provide a description of the data used in the regression analysis for the specification of public
sector liabilities S; = M; + B;. In particular, for Specification (1), S; is defined as reserves

(WRESBAL) plus bills issued by the public sector (from the Fiscal database), excluding holdings
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Table A1l: Regression Results

Specification (1) Specification (2) Specification (3)

OLS 2SLS OLS 2SLS OLS 2SLS

e 0.008 -0.774 0.055 -0.405 0.137 0.106
(0.102)  (2.091)  (0.109)  (0.981)  (0.110)  (0.596)

my 0.096 0.174 0.050 0.046 0.087 -0.025
(0.058)  (0.341)  (0.033)  (0.107)  (0.069)  (0.174)

T -2.463 -13.86 -1.687* -6.287 -2.278 -6.980
(1.590)  (18.12)  (0.900)  (5.156)  (1.841)  (6.786)

Ut -0.153 -0.567 -0.198 -0.419 -0.007 0.091
(0.379)  (1.990)  (0.216)  (0.628)  (0.439)  (0.703)
Dy 0.314™** 0.434* 0.130"** 0.141 0.318™** 0.444™**

(0.473)  (1.147)  (0.032)  (0.117)  (0.067) (0.131)

R? 0.450 0.378 0.410
p-value (J-stat) 0.404 0.578 0.266

Notes: *** Indicates that the t-values of coefficients (standard error in parentheses) are significant
at the 1% level; ** at the 5% level; and * at the 10% level. Instrument variables used in
2SLS are 1752, Mi—1, Tt—1, Yt—1, the shadow rate, and the log-deviation of per capita nominal
government expenditure growth.

by the central bank (BOGZ1FL713061113Q), foreigners (BOGZ1FL263061110Q), and the non-
financial sector (BOGZ1FL143061113Q). For Specification (2), S; is defined as total treasury
securities held by the domestic financial sector (FBTSAAQO027S) minus holdings of the central
bank (BOGZ1FL713061103Q) plus reserve balances. For Specification (3), S; is defined as
short-term securities held by the domestic financial sector (BOGZ1FL794022415Q) minus open
market papers (FBOMPAQO027S) and holdings of the central bank (BOGZ1FL713061113Q),
plus reserve balances.

The data span from 2009Q1 to 2024Q3, which is consistent with the sample for the per-
manently binding capital requirement in Section 4. To examine the supply of public sector

liabilities, we consider a specification for the growth rate which allows for various contingencies:
ﬁtB = alﬁil + agﬁlt + CL37ATt + a4;&t + CLg,Dt + Et, (A49)

where P and 7, denote the log-deviations of v? and m; from the respective sample average
(denoted by a bar), i.e., 0P = log(vf /v?) and my = log(m;/m). Inflation deviations from the
target value are given by 7; = log(m/m), while the output gap is defined as deviations of real
GDP from its potential level (GDPPOT): ¢ = log(v:/vy;). The dummy variable D; accounts
for the initial phase of the COVID-19 pandemic.!!

Table A1 presents sets of regression results based on the three specifications for the growth

rate of Sy, which indicate that the coeflicients with respect to reserve balances, inflation, and the

" Specifically, we set D, to 1 at 2020Q1-Q2, ensuring that the estimation results reflect structural relationships
rather than short-term fluctuations driven by disruptions at the onset of the COVID-19 pandemic.
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Table A2: Regression Results

Specification (1) Specification (2) Specification (3)
OLS 28LS OLS 2SLS OLS 2SLS
logvf -0.020 0.317 0.033 0.200 0.112 0.134
(0.101)  (0.306)  (0.111)  (0.340)  (0.111)  (0.307)
my 0.079 -0.082 0.044 -0.047 0.074 -0.110
(0.058)  (0.110)  (0.033)  (0.054)  (0.069)  (0.110)
log ¢ -1.154 2.167 -1.189 -0.679 -1.112 -0.732
(1.720)  (5.829)  (0.967)  (2.730)  (2.019)  (5.598)
Ut -0.634 -0.547 -0.386 -0.452 -0.415 -0.699
(0.457)  (1.041)  (0.266)  (0.515)  (0.538)  (0.973)
Dy 0.324™** 0.625™** 0.134™** 0.2247** 0.329™** 0.516™**
(0.056)  (0.157)  (0.032)  (0.071)  (0.067)  (0.138)
bo 0.010 -0.026 0.021** 0.011 0.008 -0.004
(0.017)  (0.049)  (0.010)  (0.024)  (0.020)  (0.048)
R? 0.479 0.393 0.425
p-value (J-stat) 0.817 0.664 0.910

Notes: *** Indicates that the t-values of coefficients (in parentheses) are significant at the 1% level; **
at the 5% level; and * at the 10% level. Instrument variables used in 2SLS are log v ,, f;—1,
logmi—1, Yt—1, the shadow rate, the log-deviation of per capita nominal government expenditure
growth, and a constant term.

output gap are not statistically significant. The significant coefficient on the dummy variable
captures exceptional effects at the start point of COVID-19. To address a potential endogeneity,
particularly the possibility that output gap and reserve balance may be affected by public sector
liabilities, we conduct robustness analyses using two-stage least squares (2SLS) estimations. For
the instrument selection, in addition to the first lag of endogenous variables, we include the
shadow rate (Wu and Xia, 2016) and the growth of government expenditures. The Hansen J-
statistic shows that the instruments are valid and the model is well specified. Overall, the results
remain qualitatively unchanged, showing that 7 remains insignificantly related to reserves and

macroeconomic conditions.
log yfg = Do + by log Vf_l + baoriy + bglog m + bair + b5Dy + 4. (A50)

We next consider an alternative regression specification (A50) in which both v and inflation
are expressed in logs rather than in deviations from average (target value for inflation). We
further include a constant term in all regressions to ensure unbiased estimations. Table A2
presents the estimation results using the same three specifications for 1. Consistent with
the findings above, the growth rate of public sector liabilities is not significantly influenced by

reserve supply, inflation, or the output gap. We therefore apply an exogenous growth rate of S;

as specified in (29).
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A4 Appendix to the regime switching model

A REE of the regime-switching model is a set of sequences of quantities {y;, ¢, xt, ne, ki, dy,
li, sty €, e} and prices {wy, mey, ne, qu, o, M, OH ) 34, A1, REY, given the exogenous
sequences {a;, vF X N wE Wl ¢, RM, vP) satisfing (A1), (A2), (A4), (A5), (A9), (A10),
(A14)-(A22),
I INT = kat (1+ 00) s, 2SI+ (1 - 2(SI)) (e = 60) = 0
€ = et/d, ep =l + 54— dy, Riw/RM = exp (%65) , St/st-1 = VtB/Fu

~ _ S,B

= — x, prob;

vP P = exp (USINeP) s o= (ar 1) exp (*(S7elt)
of = @l exp (P(Sel) 0 = (W) exp (s(81)eY)
= 0 e () o = G e (450

U = (W) exp (cwswl)e?) b1/6 = (d1-1/9)" exp(c%?)-

=[14+ 0 exp(—@s,b%t)]_l , probf’s =[14+ O, exp(@bys%)]_l ,

Steady-state of the regime switching model To solve for the steady-state of the model,
we proceed by imposing that all variables are constant over time. The steady-state values of the
shocks are normalized such that a; = ¢} = ¢;¥ =¥ = K =)/ = 1. Taking the inflation target
7 and the nominal interest rate in state B RM (B) as given, the regime-dependent steady-state

value of RM is determined by,
RM = 5(8')m /5 + (1 — a(S"") RM (B).

Banks’ optimality conditions and the definition of distance 3 (A = 3), imply s = 1 — BRM 71,
% =1—BRM(B)n~!, 3 = s — % Firms’ optimality conditions and production imply,

n—1 y Rir='—(1-6)q k <y>al_1 Yy (k)o‘
me=——, Z = ., —=(Z 7 Z=(2)
k amc n

k l k
Ez(siv 72577 w:(l_a)mcga E
n n n n n n

y oz
=< ——. A51

S (A51)
Combining the first-order conditions for deposits of households and banks, yields

I ket (14 ¢)x

= ’ (A52)

We set the parameter y such that the steady-state level of labor supply corresponds to a
normalized 8-hour workday in the state S, n(S) = 0.33. Then, ¢(S) and w(S) follow from the
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Figure Al: Data used in the model estimation
ratios in (A51). The household’s optimality conditions imply
N(S) = [(1 = 81) (L= e(S) )] (14 K/ ™ x = N (S)w(S)n(s) .
The regime-dependent steady-state value of labor is identified accordingly:

w(1—pBh)((1—h)<)™" e
X (1 + (ka+ (1 +9)x)/p)

(A53)

The regime-dependent steady-state values of {c, vy, z, [, k, w, 9 A\ } are determined by
repeating (A51)- (A52) using (A53). Finally, the steady state values for deposits, public sector
liabilities, and equity are determined by d = p~'c, s = (1+€)d — 1, e =1+ s —d.

A5 Appendix to the model estimation

The empirical analysis draws primarily on macroeconomic data from the Federal Reserve Eco-
nomic Data (FRED) database for the U.S. economy. The observed sequences for the nominal
interest rate and inflation used in the Bayesian estimation corresponds to the nominal effective
federal funds rate (FEDFUNDS) and the quarter-over-quarter change in the consumer price in-
dex (CPTIAUCSL). The codes in parentheses refer to the corresponding identifiers in the FRED
database and are consistently used throughout this section. Per capita data are derived by ad-
justing raw values with the population level (POPTHM). Non-seasonally adjusted raw data are
processed using the X-12 seasonal adjustment method conducted in Eviews12. Consumption
corresponds to personal non-durable goods consumption expenditures (PCEND), and the final
output is measured by gross domestic product (GDP). The real growth rate of wages is calcu-
lated using hourly earnings (USAHOUREAQISMEI), adjusted for CPI inflation. The leverage
ratio is constructed using the Tier 1 leverage ratio, which is defined as Tier 1 Capital (QBPB-
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Table A3: Prior and Posterior Distribution of Parameters

Prior Posterior (DSGE-RS) Posterior (DSGE-B) Posterior (DSGE-S)
initial distribution mode mean 5%  95% mode mean 5%  95% mode mean 5% @ 95%

Parameters

bgp  1.0157 G(1,1.02) 1.013% 1.014% 1.009% 1.0187 1.0107 1.0087 1.002% 1.014% 1.0097 1.0087 1.0007 1.014%

h 0.75 B(0.55,0.95) 0.31 029 0.18 039 029 031 020 043 030 030 0.22 0.40
o™ 0.276 B(0.22,0.32) 0.23 0.21 0.17 0.26 023 021 018 024 0.17 0.16 0.15 0.18
« 0.333 B(0.2,04) 042 043 039 046 044 044 040 047 053 0.53 0.51 0.54
K1 5 N(3,8) 3.55 3.62 252 477 292 323 225 422 341 333 296 3.73
w 0.6 B(0.5,0.7) 066 067 060 0.73 0.65 067 061 073 073 0.73 0.66 0.78
n 6 N(4,8) 763 763 690 9.18 768 765 596 916 734 755 7.20 7.92
Pa 0.75 B(0.6,09) 0.79 0.77 069 085 081 0.82 070 092 093 095 088 0098
Pn 0.75 B(0.6,0.9) 085 083 0.76 090 0.8 085 0.79 091 0.89 0.89 0.87 091
P 0.5 B(0.2,08) 046 043 034 053 050 047 033 058 057 0.55 0.50 0.60
Pn 0.5 B(0.2,0.8) 090 0.89 085 093 021 033 009 056 093 091 087 094
Pk 0.5 B(0.2,08) 0.14 015 006 024 010 0.16 0.03 031 010 0.11 0.04 0.17
Pp 0.5 B(0.2,08) 029 031 013 047 092 093 089 096 098 0.98 097 0.98
Po 0.5 B(0.2,0.8) 0.87 085 078 092 087 087 080 0.94
100¢4, 1, 2 G(0.5,5) 0.32 0.47 014 079 034 053 009 099 063 073 057 091
10064, 1 2 G(0.5,5) 112 140 0.51 232 122 1.84 045 320 251 234 184 295
100¢p, 1, 2 G(0.5,5) 0.69 073 058 089 065 070 053 087 019 0.19 0.10 0.28
1006, i 2 G(0.5,5) 4.37 474 3.02 630 4.12 468 336 6.15 1.87 212 1.68 2.55
100¢y, 1, 2 G(0.5,5) 0.42 041 030 053 044 040 026 055 028 030 0.19 0.42
1006y, 1 2 G(0.5,5) 1.33 154 079 213 140 1.16 081 161 128 122 076 1.63
100s, 1 5 G(1,10) 1.95 165 136 254 187 1.86 137 234 119 126 099 1.57
1006k, g 5 G(1,10) 7.06 763 476 1040 6.79 T7.25 4.64 979 6.66 6.62 6.06 7.31
100¢,, 1, 5 G(1,10) 2.06 212 167 255 1.82 196 143 246 130 136 1.16 1.57
100, g 5 G(1,10) 6.99 738 440 1035 6.79 6.85 471 896 507 505 477 529
1006, 2 G(0.5,5) 0.86 089 064 1.14 084 092 066 1.19 028 032 024 041
100, 5 2 G(0.5,5) 3.66 399 258 535 124 222 092 345 223 247 1.87 313
100, 1, 2 G(0.5,5) 1.95 219 124 289 064 069 027 107 162 162 129 1.93
100y, g 2 G(0.5,5) 1.96 3.11 160 4.62 422 349 197 495 3.05 3.05 256 3.59
10064 2 G(1,10) 1.53 151 129 175 1.53 155 133 1.72

100c, 0.1 IG(0.01,0.5) 0.40 040 035 046 042 042 036 048 042 042 0.36 0.48
probl-H 0.05 B(0.02,0.08) 3.66% 3.76% 3.15% 4.59% 3.47% 2.33% 1.48% 3.29% 4.27% 4.30% 4.06% 4.57%
prob™:L 0.10 B(0.05,0.15) 9.56% 9.88% 7.46% 12.2% 9.24% 9.69% 8.74% 10.6% 10.6% 10.7% 10.3% 11.1%

O.» 26  N(20,32) 2658 26.93 26.17 27.66
O 4 26 N(20,32) 27.87 26.12 24.09 28.00

Log MDD (Laplace) 1225.60 1232.47 1196.98

Note: Abbreviations for prior distributions include B (Beta), N (Normal), G (Gamma), and IG (Inverse Gamma). Values in
parentheses indicate the lower and upper bounds of the 90% confidence interval for the quantile prior. The log marginal
data density is computed using the Laplace approximation. Given that x, = (n — 1)w/(1 — @)/(1 — Bw) under first
order approximation, we estimate the Calvo parameter w as a proxy.

SLEVK) divided by Total Assets (QBPBSTAS) for FDIC-regulated banks. The raw investment
data is sourced from the OECD database, which is represented by gross fixed capital formation
for the total economy. The processed data are presented in Figure Al.

The connection between model variables and observed data is established via the following

measurement equations.

i log R%ata | | 0 ] | log RM ]
log Tt data 0 log m
log €t data 0 log €
Alog Yt data | = |logbgp| + | logy: —logyi—1 (A54)
Alog ¢t data log bgp log ¢t — log cr—1
Alog zt data log bgp log z; — log w1
| Alogwidata | |logbgp| |logw; —log w1 ]
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Trajectory of the TFP shock Trajectory of the cost-push shock
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Figure A2: Estimated model implied shocks. The figure plots the smoothed trajectories of model-implied shocks,
along with a two-standard-deviation band (black dashed lines).

Table A3 presents the full set of prior and posterior distributions for the estimated param-
eters across three model specifications, each initialized with identical starting values to ensure
comparability. The initial values for mode maximization are selected to align with commonly
used values in the literature. Multiple runs of the global optimizer are conducted to ensure
stability in locating a high-density region, from which the mode with the highest density is
chosen as the starting point for posterior simulation. Posterior statistics are carried out via
the random walk Metropolis-Hastings algorithm, where we run two parallel Markov chains with
100,000 draws each, adjusting the scale parameters such that acceptance rates of approximately
0.3 are realized.

Figure A2 plots the model-implied structural shocks together with a two-standard-deviation
band. The trajectories fluctuate predominantly within this band, indicating that the regime-
switching structure of heteroscedasticity provides a well-behaved representation of out-sized
movements in the data during the pandemic period without systematically relying on excessive

volatility.
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