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Abstract
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of macro-finance models. We show how asset price dynamics, financial stability,
and wealth inequality all depend upon which investors are able to purchase
assets in bad states of the world. In particular, allowing pension/insurance
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1 Introduction

US policy makers have segmented the financial sector very differently throughout US
history. In the second half of the nineteenth century, regulation allowed insurance
companies to hold a wide range of risky assets but restricted banks to holding short-
term low risk loans. This was reversed in the 1930s when New Deal regulation started
to encourage banks to hold long-term assets and restrict insurance companies to
holding long-term government or corporate bonds that hedge their duration risk. A
recent finance literature has shown that these institutional constraints are important
for explaining asset pricing because they bind in complex ways for different financial
intermediaries and so generate price “over reaction” or “under reaction” to shocks
that generate additional risk premia in the economy (e.g. Koijen and Yogo (2019,
2023)). Understanding how these price reactions impact different households is a
priority for policy makers. However, macroeconomists have struggled to address this
question because they have typically been unable to characterize global solutions
to heterogeneous agent models with aggregate risk, endogenous price volatility, and
complicated portfolio restrictions. In this paper, we develop a deep learning algorithm
to overcome the technical difficulties and allow researchers to bring insights from the
asset pricing literature into the heterogeneous agent macroeconomic literature. We
use our model to examine how the regulation of the financial sector impacts household
inequality.

We study a heterogeneous agent business cycle model with financial intermediaries
and endogenous asset price volatility. There are two aggregate shock processes in
the economy, capital productivity and the volatility of capital productivity, both of
which follow mean reverting processes. The economy is populated by price-taking
households who have inelastic or restricted demand for different assets. Households
face idiosyncratic death shocks, which leads to demand for long duration insurance
or pension products, similar to the “preferred habitat” demand in Vayanos and Vila
(2021). Households also face a penalty for holding capital that is relaxed as they get
wealthier. This leads to heterogeneous household portfolio choices, with wealthier
households having greater exposure to high return assets, and ultimately, a non-
degenerate household wealth distribution. The economy also contains two types of
financiers who provide financial services to households: bankers who issue deposits

and fund managers who issue insurance/pension products. Neither type of financier



can raise equity.! Finally, there is a government that issues long term bonds and raises
wealth taxes. The financial friction on the households and financial intermediaries
mean that the distribution of wealth across the agents impacts the capital, insurance,
and government bond price processes.

In Section 4, we illustrate the different economic mechanisms at play in our model.
We start by analyzing the economy at the sector level to understand how intermediary
asset pricing is working. As in many macro-finance models, the fundamental friction
in our environment is that the banking sector does not internalize their price impact
and so takes on high leverage, which leads to endogenous asset price volatility
(and ultimately household consumption volatility). We show that, without financial
regulation, the insurance/pension fund sector partially mitigates this behaviour by
acting as a “backstop” for the economy during recessions by purchasing capital from
the banking sector. This helps to stabilize the economy at the business cycle frequency
but does not necessarily stabilize household wealth and consumption with respect to
volatility shocks. To understand this, consider the different risk exposure of the bank
and fund liabilities. The bank issues short-term risk-free deposits while the fund
issues long-term, tradable, insurance products that depreciate in recessions (because
the marginal utility of consumption is high) but can depreciate or appreciate during
times of high volatility (because high high volatility also encourages households to
rebalance towards insurance products). This means that the market value of fund
liabilities decreases during recessions and increases during volatility spikes, giving the
funds a natural hedge against business cycle shocks but greater exposure to volatility
shocks. Contemporary regulation limits funds’ ability to play this role by restricting
their participation in capital markets and incentivizing them to hold government and
corporate bonds. In our economy, this destabilizes the banking sector at the business
cycle frequency but increases both the level and stability of government bond prices
by creating a captive market for government debt. In this sense, by choosing how they
restrict the fund sector, the government can choose where the endogenous volatility
appears in the economy.

We next investigate the different mechanisms connecting asset pricing and inequality.
The evolution of wealth inequality in our model can be decomposed into the following

forces: (i) wealthier agents have more access to capital markets, which allows them

'The model can be extended naturally to an environment where financial intermediaries can raise
a limited quantity of outside equity.



to access higher returns and build wealth more quickly (sometimes referred to as
the “scaling” force) but also increases their exposure to aggregate risk, (ii) poorer
agents rely more on the pension/insurance products, which earn a lower return
(an amplification of the “scaling” force in the literature), (iii) wealthier agents
have a higher propensity to consume out of wealth, and (iv) taxes and transfers
that redistribute wealth towards lower wealth agents. The strength of the first two
“scaling” forces depends upon the health and organization of the financial sector.

To decompose these drivers of inequality, we first consider an economy where
the funds are excluded from participating in capital markets and so capital prices
are highly exposed to the business cycle. In this case, when the banks take losses
during a recession, they become less willing to hold capital so the excess return on
capital increases and wealthy households participating in the capital market grow
their wealth more quickly than poorer agents. This generates the feature in the data
that wealthier households have a more positive exposure to the risk premium during
recessions. The magnitude of the crisis excess returns depends upon the severity of
the participation constraint and the inequality in the household sector. If household
wealth is equally distributed and participation costs are high, then the household
sector is much less able to act as a “backstop” in the capital market during crises and
so the scaling force in the model is very strong. If household wealth is very unequally
distributed, then the wealthiest agents participate in the asset market and act as the
“back-stop” so the scaling force is weak. In this sense, it is the interaction between
inequality and the endogenous general equilibrium price dynamics that determine the
extent to which wealthy households can build wealth more quickly.

In the unregulated economy where funds are allowed to participate in all markets,
the capital risk premium increases less in recessions because the banker can sell capital
to the fund sector. This means the change in household inequality is less driven by
the capital risk premium and more driven by the insurance premium in the economy.
Poorer households can only access the capital markets through the pension/insurance
products issued by the fund. The spread between the capital return and the pension
return is governed by the inelasticity of household demand for pension products and
the financial health of the fund. This means that the it now volatility spikes in the
economy that open increase insurance risk premium and lead to large increases in
equality.

In Section 5, we calibrate our model to match the average capital risk premium,



average term premium, and portfolio distribution. To gauge the non-targeted
performance of the calibration, we compare to estimates of heterogeneous business
cycle exposure. Using the data from 1976 to 2023 we run local projections that regress
the change in wealth shares on the risk premium conditional and unconditional on
being in a recession. We find that wealthier households and financial intermediaries
have a more positive exposure to the equity risk premium. We also show that this
positive exposure is higher during recessions. The projection analysis reveals that
relative to the average household, a 10% increase in the equity risk premium increases
the wealth of affluent agents by 1.0%, and decreases the wealth of poor agents by
0.3%. Conditioned on recessions, this gap widens to 1.3% for the wealthy and 1.5%
for the poor households, respectively. We interpret this as evidence that poorer agents
have less access to higher return assets in general and that the constraints restricting
participation bind more during recessions. Local projections using simulated data
from our model lead to similar patterns, although poorer agents in our model are
more negatively exposed to risk premia than in the data.

In our the counterfactual exercises discussed so far, we have focused on models
with an ergodic wealth distribution. However, it is not clear from the data that wealth
inequality is a stationary process, particularly over the post-war period. An advantage
of our global solution compared to perturbation is that we can study non-stationary
economies, which we do in Subsection 5.4. We take out the tax and transfer system
that ensures there is a stationary wealth distribution and instead work with a model
where the consumption-wealth ratio is the only potential stabilizer. Our calibrated,
non-stationary version of the model captures a large fraction of the change in wealth
shares since 1980. To see this, we simulate the model starting from a household
wealth distribution resembling the data and show that it generates wealth distribution
evolution consistent with the evolution of empirical distribution. The top 1% wealth
share increases from approximately 25% to approximately 35% in the both the data
and the model. It is worthy of note that a minimal departure from the literature
in the form of participation constraints on households generates a lot of action and
matches the empirical moments, indicating the success of our calibrated model.

From a technical point of view, we solve our model by using deep learning tools to
train an Economic Model Informed Neural Network (EMINN). General equilibrium
for our economy can be characterized by a collection of blocks: (1) a collection of

high, but finite dimensional PDEs capturing agent optimization, (2) a law of motion



for the distribution of wealth shares and other aggregate state variables, and (3) a
set of conditions that ensure the price processes are consistent with equilibrium. We
develop a new solution approach that can handle complexity in all three blocks. We
use neural networks to approximate derivatives of the value function and the price
volatility of long-term assets. We then use stochastic gradient descent to train the
neural network to minimize the error in the “master” equations that characterize
equilibrium for the system. Our approach connects and expands the algorithms
developed in Gu, Lauriere, Merkel and Payne (2023) and Gopalakrishna (2021).
We exploit our continuous time formulation to construct an algorithm that imposes
portfolio choice and market clearing explicitly in the master equations. This allows us
to circumvent the problems that have occurred in other deep learning papers trying
to solve models with portfolio choice. We test our solution approach by solving a
collection of canonical macro-finance models that have finite difference solutions.
We believe our algorithm is the first method than can satisfactorily find a
global solution to continuous-time models with non-trivial optimization, distribution
evolution, and equilibrium blocks, without having to resort to low-dimensional
approximations of the wealth distribution. (In discrete time, Azinovic, Cole and
Kubler (2023) take on a similar class of models using a homotopy approach). Other
macro-finance models make assumptions to ensure that at least one of these blocks
has a closed form solution. To understand this, it is instructive to compare to some
canonical models. First, for a representative agent model, the distribution block 2 is
not applicable because there is no agent heterogeneity and equilibrium block 3 is less
complicated because the goods market condition becomes much simpler. Second, for
the continuous time version of Krusell and Smith (1998) discussed in Gu et al. (2023),
we have a distribution of agents so distribution block 2 is non-trivial. However, this
model only has short-term assets, which leads to closed form expressions for prices
in terms of the distribution. So, the equilibrium block 3 is trivial to satisfy. Third,
for models such as Basak and Cuoco (1998) and Brunnermeier and Sannikov (2014)
discussed in Gopalakrishna (2021), the HJBE can be solved in closed form. This
means that agent optimization block 1 can be solved analytically and substituted

into the rest of the equations.

Literature Review: We are part of an active literature studying how asset pricing

can impact inequality (recent examples include Gomez (2017), Cioffi (2021), Gomez



and Gouin-Bonenfant (2024), Fagereng, Gomez, Gouin-Bonenfant, Holm, Moll and
Natvik (2022), Basak and Chabakauri (2023), Fernandez-Villaverde and Levintal
(2024), Irie (2024) amongst many others). Our contribution is to introduce endogenous
capital market participation and endogenous price volatility into a heterogeneous
agent macroeconomic model.

Our solution approach is part of a growing computational economics literature
using deep learning techniques to solve economic models and overcome the limitations
of the traditional solution techniques (e.g. Azinovic, Gaegauf and Scheidegger (2022),
Han, Yang and E (2021), Maliar, Maliar and Winant (2021), Kahou, Ferndndez-
Villaverde, Perla and Sood (2021), Bretscher, Fernandez-Villaverde and Scheidegger
(2022), Fernandez-Villaverde, Marbet, Nuno and Rachedi (2023), Han, Jentzen and
E (2018), Huang (2022), Duarte (2018), Gopalakrishna (2021), Fernandez-Villaverde,
Nuno, Sorg-Langhans and Vogler (2020), Sauzet (2021), Gu et al. (2023)). Very
few deep learning literature have solved models with long-term asset pricing and
complicated portfolio choice, as in our model. Fernandez-Villaverde, Hurtado and
Nuno (2023) and Huang (2023) solve an extension of Krusell and Smith (1998)
with portfolio choice between short-term assets with different risks. Azinovic and
Zemlicka (2023) solves a general equilibrium model with long-term assets in discrete
time by encoding equilibrium conditions and financial constraints into neural network
layers. Azinovic et al. (2023) employ low-dimensional approximation of the wealth
distribution, following Kubler and Scheidegger (2018), and analyze long-term asset
prices in the presence of aggregate and idiosyncratic risk. The difficulty involved
with pricing long-term assets with heterogeneous agents is that the equilibrium
allocation and individual choices must be determined together, as also pointed out by
Guvenen (2009). We demonstrate that in continuous time, on the wealth share space,
equilibrium objects can be determined through a unified framework simultaneously.
The main contribution of this paper to the deep learning literature is to show how
we can globally solve general macro-finance problems without having to resort to

low-dimensional approximations of the wealth distribution.

The rest of this paper is structured as follows. Section 2 outlines our economic
model. Section 3 introduces our numerical algorithm. Section 4 explores the different
mechanisms connecting inequality and asset pricing. Section 5 presents results from

our empirical analysis and from our calibrated model.



2 Baseline Economic Model

In this section, we outline the baseline economic model used throughout the paper.
We study a continuous time, real business cycle macroeconomy with heterogeneous
households who face retirement shocks and asset market participation constraints.
The households are serviced by two types of financial intermediaries: a banker that
accepts deposits and makes loans, and a fund manager that offers pensions to insure

the retirement shocks.

2.1 Environment

Setting: The model is in continuous time with infinite horizon. There is a perishable
consumption good and two types of durable capital stock. The economy is populated
by a unit continuum of price taking households (h), indexed by i € [0,1], a unit
continuum of price taking bankers (b), indexed by j € [0, 1], and a unit continuum of
price taking funds (f), indexed by [ € [0,1]. Ultimately there will be a representative
agent for the banking sector and the fund sector but not for the household sector.
The economy has the following assets: short-term bank deposits, pension fund shares,

bank loans, capital stock, and government bonds.

Production: The production technology in the economy creates consumption goods
according to Y; = e* K, where K, is the capital used at time ¢ and z; is aggregate

productivity. Aggregate productivity evolves according to:

dzy = B.(z — z)dt + \/asz,ta
d6; = B (C = G) dt + o¢y/GdWe,

where W, ; and W, , denotes an aggregate Brownian motion process. Any agent can
use goods to create capital stock, k;, but all face adjustment costs so that their capital

evolves according to:
dk’t = (¢(Lt)kt — 5l€t)dt

where ®(1)k := (v — ¢(1))k represents the resources used from investment rate ¢; and

0 is a depreciation rate.



Household: There is a unit measure of households. Each household has discount rate
pr and gets flow utility u(cp.) = ﬂcif /(1 —~) from consumption ¢ . Households
receive idiosyncratic death shocks at rate A,. When agents die, we assume they
get a positive measure of utility 4(Cp;) = (1 — 8)Ci;" /(1 = T) from consuming a
positive measure of goods Cj,, which generates a “preferred-habitat” style preference
for pension/insurance products with duration \,. After an agent dies, they are
immediately replaced by a new agent who receives initial wealth @, , = ¢, A;. When a
household dies, it gets a payoff from its pension holdings and can consume a fraction
of capital stock holdings (after paying estate taxes). For numerical convenience, we

model this using a CES aggregator:

(algrkny(1 = 7)) + (1= @) (npr))'"”, it v #0

C - C k ) -
h,T ( h,T nh,T) { (QTkh,t@ . T))amh,T)l—a’ ifv=0

For sufficient complementarity (e.g. Cobb-Douglas), this implies that &y, ns: > 0
and eliminates the need for a short selling constraint. We will often write this using

the notation:

k n .
Chy = aW(0;, 1,0, ), where:

(a@ (1= )" + (1 a) O /a)) " ifw#0

W(@’,;T, ZT) - { ‘
(HE,T(I — 7)) Q,T/qlf)lfoﬁ ifr=0

The households face two financial constraints:

= Y 2
Uhi(knts ane) = UntShiane, where Yy e = (0, np) = Dt (Qi,t)
ht

- & 2
Uy n(Mht, Ght) = VnntSntang, where iy, = 1/1h(92,t) = 7n ( Z,t - X)

where 1/_% and @n are the severity of the constraints, aj, is the household’s wealth,
kp. is the household’s capital holdings, n,, is the household’s pension shares,
0% = qfkns/any is the household’s wealth share in capital, 6, := ¢fnp/an, is
the household’s wealth share in pension shares, and 7, is the household’s share of

wealth in the economy.



Financial intermediaries: There are two types of financial intermediaries: bankers
(b) and fund managers (f). Each type of intermediary j € (b, f) has discount rate p,
and gets log utility u;(c;;) = log(c;) from consuming c¢;, flow goods. The bankers
issue risk-free short-term deposits that pay deposit rate r and invest in risky capital
and government bonds. The fund managers sell shares to households and invest in
risky capital and government bonds. Each fund share pays one good to the holder of
the share when they die so it can interpreted as a combination of a life-insurance and
a pension product. Financial intermediaries of type j € (b, f) die at rate A; and are
replaced by new financial intermediaries with initial wealth a;, = ¢;A;. Ultimately,
both banker and fund manager policies will be independent of wealth so we can

replace the continuum of bankers and funds by a representative banker and fund.

Government: We treat government fiscal policy as exogenous. The government issues
zero coupon bonds that mature at rate A, and pay 1 good at maturity. We start with
the assumption that bonds are in fixed supply: M. We let ¢;* denote the price of a
government bond at time ¢. Thus, the flow rate of bond maturity is A,,M and the
proceeds from the re-issuance of the bonds is ¢;"\,,M. The government raises taxes
to redistribute wealth to the new entrants in the economy, which could equivalently
be decentralized as an inheritance system. The government also raises two types of
taxes: a flow wealth tax, 7;, on agent of type j € {h,b, f} and an inheritance tax on
dying households, 7;. This implies that the government budget constraint is given
by:

ZTjAj + )\h(Tth + Dh) + M Ap + )\fAf + ql”/\mM = \nay, + Aoy + )\f@f

J

where A; is the wealth of agents in sector j € {h,b, f}, K}, is capital owned by the
household, and D, is deposits owned by the household. If all agents have the same
flow wealth tax, 7, = 7; for all j € {h,b, f}, then:

DY/ ANj@jA — M (Ta Ky + Dp) — N Ap — Ap Ay + (1 — i) An M
‘o A

Assets, markets, and financial frictions: Each period, there are competitive markets
for goods and capital trading. We use goods as the numeraire. Let 7! denote the

interest rate on deposits. We let ¢; := (¢~, ¢, ¢") denote a vector with the price of
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capital, pension shares, and government bonds respectively. We guess and verify that
the long-term price processes satisfy:

dg o T .

— = Uy gdt + 0y [ AWy, j € {k,n,m}

ql

|7 are the drift and volatility for asset j €

where ji, and Gy = (0420 Ogic

{k,n,m} and T indicates the transpose. We also define the return processes by:

Zt

et —
ARy = rydt + o) , AW, Y= pgey + @) — 6+ s
t
1
dRy, =y dt + a;tth + qutht’ TRy = figng
t
1
AR}, = r} dt + aquth, Ry = gy + (n - 1) A
t
m m T m ]'
th == Tt dt + o.qmvtd.w;f Tt = /,anL’t + 7’]’)’1] — 1 )\m
t

where fund shares have different flow returns for the household, R} ,, and fund, R},

because the fund aggregates across a continuum of households.

2.1.1 Discussion of Key Environmental Features

This environment is set up to nest a collection of models and forces commonly used

in the literature. We discuss these connections below:

(i) Preferred habitat literature (e.g. Vayanos and Vila (2021)): In our model,
the household need for consumption at death generates demand for fund
liabilities with an average maturity of 1/A. If we choose U(-) to be either
the Type I or Type II agents from the Appendix in Vayanos and Vila (2021)
and introduce variance in A across the household population, then we nest
their preferred habitat model of the yield curve. However, our model has an
important extension compared to the preferred habitat literature—we integrate
the preferred habitat demand into a standard portfolio choice problem so
that overall household demand is a combination of the “preferred-habitat”
component and a standard portfolio choice problem that balances risk and
return. This allows us to understand how risk and inelastic demand interact in

a general equilibrium model.
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(i)

(iii)

(iv)

Perpetual youth literature (Blanchard (1985)): Our model nests the asset
demand from both the perpetual youth and preferred habitat literatures, which
can be viewed as opposite sides of the same death shock. If we set 5 = 1, then
the households only care about consumption while alive and we recover the
perpetual youth model, in which households demand annuities that pay until
they die (and which could be synthetically created by shorting the life insurance
products offered by the funds and purchasing bonds). If we set § = 0, then
the households only care about consumption at death and we recover the pure
preferred habitat model of Vayanos and Vila (2021), in which household only
take a long position in fund life insurance products. Our model can be viewed
as an intermediate model that nests these two forces. Throughout the paper we
focus on parametrizations where the households take long positions in the fund
shares. However, the model could just as easily be solved for the case where

the CES is linear and some households end up shorting the pension products.

Participation constraint models (e.g. Basak and Cuoco (1998)): We have set up
the household participation penalty so that households increase their fraction
of wealth in capital as get older. In this sense, as household wealth goes to
zero, the model becomes the Basak and Cuoco (1998) environment in which
households cannot participate in the capital market. However, as household
wealth becomes large, the agents become unconstrained like in the Brunnermeier
and Sannikov (2014) environment where households can freely participate in
the capital market. At either extreme, household portfolio choices become
homogeneous and the household sector aggregates. The technical difficulties
come from having the household move between the extremes as they accumulate
wealth.

Different type models (e.g. Chan and Kogan (2002), Gomez (2017)): There is a
collection models in which households have different types ex-ante (e.g. because
they have heterogeneous risk aversion) but all agents within a particular type
make the same portfolio decisions. These models can generate heterogeneous
portfolio choices across the population and so can generate the aggregate asset
portfolio for the household sector. However, they cannot match any of the
portfolio data at the micro level which shows that portfolio decisions vary with
household wealth.

12



2.2 Equilibrium

We now setup the agent problems and the equilibrium. We use the notation
x = (z¢)i>0 to denote the stochastic process for variable x;. We let ap, = qfkh,t +
¢yt + dpy denote the household wealth, ay; := ¢Fky; + ¢"my; + dp, denote the
banker wealth, and az; := ¢Fkry + ¢"my, + ¢'ny, denote the fund wealth. We let
Ma;t and 0,4, + denote the geometric drift and volatility for the wealth of type j with
wealth a;,. We let 9§7t = ¢ll;,/a;, denote the share of wealth that an agent of type j
with wealth a;; has in asset [. We let 0;; denote the vector of wealth shares chosen

by an agent of type j with wealth a;; at time ¢.

Household problem: Given their belief about price processes, (¥, q), and initial wealth,

ap 0, & household chooses processes (cy, Oy, tp,) to solve the Problem (2.1) below:

T
max E [/ e Pt (U(Ch,t) + wh((g}]jt)ah,t@h,t) dt + €pTU(Ch,t)] s.1.
0 b

Ch,0n

dahﬂg

. = 927tdégt + 9;’37th§ + ((1 - 92715 — ng)fd,t — ch,t/ah,t — Th,t) dt (2‘1)
h,t

Ch,t < aiW(QIZ,t, 9;’3,,5)

k d
eh,t’ eﬁ,m eh,t 2 0

where 73, is the net tax or transfer (per unit of wealth) while agents are alive.

Banker problem: Given their belief about price processes, (f,q), and initial wealth,

app, & banker chooses processes (¢, 0y, 1) to solve the Problem (2.2) below:

max {/ e_p”tu(cw)dt} s.t.
b,0u, LJO

2.2)
da ~ ~ - (
L. 95th? + 0y d Ry + ((1 — Qit - Z’:})Tf — Cpt/apy — Tb,t) dt

Qp,¢

Fund problem: Given their belief about price processes, (T, q), and initial wealth, ay,

13



a fund manager chooses processes (cs, 0y, ) to solve the Problem (2.3) below:
max {/ e_”ftu(cf,t)dt} s.t.
Cf,Gf,Lf 0

2.3)
da ~ - N (
I — 0k dARE + 07, dR + (1 — 05, — OF)dRY + (—cpo/ags — 7p,) dt

art

Distribution: Throughout this paper, we work with distribution of wealth shares
rather than wealth levels. The bank and fund sectors aggregate so we will only
need to track of the aggregate states for each sector. We let ny; = ap:/A: and
nge = arq4/A; denote the share of aggregate wealth held by the banking and fund
sectors. The uninsurable idiosyncratic shocks and wealth dependent differences in
household portfolio constraints generate a non-degenerate cross-section distribution
of household wealth across the economy. We let gn; = {1+ = a;1/Ar : i € T}
denote measure of household wealth shares across the economy at time ¢ for a given
filtration F;, where F; is generated the by aggregate shock processes {W;};>o. With
some abuse of notation, we let G = (my¢, M4, gnt) denote the collection of distribution

states in the economy.

Definition 1 (Equilibrium). Let r = (rf);>0 and q = (qF, ¢, ¢™)i>0 denote the
stochastic processes for interest rates and long term asset prices. For a given
set of government taxation policies, an equilibrium is a collection of Fi-adapted
processes (K, r, q, G) and household decision processes (c;, ¢;, 8;) for i € I and financial

intermediary decision process (c;, ¢;, 0;) for j € {b, f} such that:

1. Given beliefs (¥, q), households (i € I) solve Problem 2.1, bankers solve Problem

2.2, and fund managers solve Problem 2.3.

2. The price processes (r,q) satisfies market clearing conditions at each t (where
the capital letter Y;,; refers to the aggregate volume of variable Y held by an
agent of type j):

(a) Goods market clears: Cjy + Cpy + Cri + AChy = € Ky — 1,y where K is
the aggregate capital stock.

(b) Capital market clears: 3¢,y Ko = Ky

(c) Annuity market clears: Np;+ Ny =0

14



(d) Deposit market clears: Dy + Dy =0
(e) Bond market clears: My, + My, = M

3. Agent beliefs are consistent with equilibrium (¥, q) = (r,q).

2.3 Recursive Characterization of Equilibrium

In this section, we characterize the equilibrium recursively. The finite dimensional
aggregate state vector is: s := (2, (, K, m, ny), where n; is the fraction of wealth held
by sector j € {h,b, f}. The other aggregate state is the density of household wealth
shares, gn(n). Let S := (s,gn) denote the full aggregate state space. Under the
recursive formulation of the problem, agent beliefs about the price process become
agent beliefs about the evolution of sector wealth, (fi, ;, 6,.;)jc(ns}, and the evolution

of the density of household wealth shares:
dgni(a) = fi,(a, S)dt + &,(a, S)" dW,

For convenience, we also define the state spaces for an individual agent by x :=
(a,z,¢, K,m,ns) and X = (x, gp).

Let V;(X) denote the value function for an agent of type j € {h,b, f} with
state variable X. Let &;(X) := 0,V;(X) denote the partial derivative of the value
function for an agent of type j € {h,b, f}. We let pg, (a,s) and oy, (a,s) denote
drift and volatility of the process for §;. Theorem 1 below summarizes the recursive
characterization of equilibrium. For convenience we group the characterization into
three blocks: (i) the optimization problems of the agents, (ii) the evolution of the

distribution, and (iii) market clearing.

Theorem 1. Block 1: Agent Optimization: Given prices and price processes
k-1

(r, (¢', ", o )iegimmy), for all agents the investment rate satisfies (1) = (q and:
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o Household optimization implies that (&, cp, 0y) satisfy the Euler and FOCs:

0= (,0+)\)+/L§h+7’ —Th—i-iﬂhk( ) (%kwhk( )
+ U (05) — Ogp bk (05)0)
0= u’(ch) — gh

0 =7 =7+ AW (6}, 9")

)
)

+ Opsthnk + agh o

0=7r"—7rd4 A@gZW(Qh, 9") + Ogrthnm + 0'5 on

o Bank optimization implies that (&, ¢y, 0y) satisfy the Euler and FOCs:

1

gb = (pb + )\b)ab7

e = (po + o), 0= 'rf —rd 4 ag;aqk

o Fund optimization implies that (§¢,cs,0y) satisfy the Euler and FOCSs:

1

b =
T (s + p)ay

cr = (pr+ Ap)ay, 0=r"—r?+ a'ngaqk

where in all cases, the drift and volatility of the &; for j € (h,b, f) are given by ITO’s

lemma:

1
1, &n(X) = (Du&( X)) e + 5”’{(%(?{7 0;)© X)"(0.(X,6;) © 2)D2¢;(X) |
+ Eggj(X)
0,6 = (0, © )" (Dy§)
and L,&;(X) denotes the collection of terms with Frechet derivatives of {; with respect

to gj'
Block 2: Distribution evolution. Given prices and price processes (1, (¢, 1!, O g)ic{knm})

and agent decisions (&, ¢j,0j,0)jeqnp,ry, we can track the distribution evolution. At
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the sector level, the bank and fund wealth shares evolve according to:

dmy,

:J = (MAb,t — pag+ (oay — UAb,t)TUA,t) dt + (oa,e — oay) AW,
bt

d

:ﬂt = (MAf,t — Maz+ (UA,t - UA,-,t)TUA,t) dt + (UA,-,t - CTA,t)TdVVt
f7t

where:

A, t = Td—i-Qi(Tk —Td) - (pb+)\b) — Tb—f-)\b (gbbnl;tl - 1)
page =10+ 050" =) 07 (=) = (o + Ap) = 7+ Ap (égmpt — 1)
Har = 19t(/~1qu + (1) —0) + (1 - ﬁt)ﬂqm
and where aggregate wealth is given by Ay = ¢*K; + ¢"M and 9; = ¢*K;/(¢"K; +

q™M). Within the household sector, density of households wealth shares evolves

according to:

dgn(n) = -%/Xh¢( ) = Angn,i(n) — Onlitn(n, 8¢, Gh,t) gne(0)]
+ a [( 772(777 S¢, ght) + Jn g‘(nv S¢, dh t))gh t( )} dt
- an [07772(77» St, gh,t)gh,t(n)]sz,t — 0y [UmC(?% S, gh,t)gh,t(n)]dWQt

where:

T
My = Hagt — HAg + (Cat —Oat) Oat

Onit = Oa;t — OAL

Block 3: Market clearing and belief consistency: The equilibrium prices satisfy:

(ez — K

/thh (m)dn + Opng + Oy = 0
%W+/%%®W=0
/thh )dn + 0a, = 0

Fp=1-17

C Cy
/Ch9h<77)d77 + an + 77f + )‘/Chgh )dn =
Ay Ay
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where ¥ = ¢*K/(¢*K +q™M). The long term assets prices are only implicitly defined
by the asset pricing equations and so must satisfy consistency with Ito’s Lemma for

le(k,n,m):

e (X) = (D! (X)) e + 1 {(02(X,00) © X)" (0 X, 0,) © ) D2/ (X))

+ Eggh(X)
O'qqu = (0, ©x)(D,q")

Proof. See Appendix A. m

2.3.1 Comparison to Other Models

Why is this system of equations difficult to solve in our model? Because, unlike in
most models, all three blocks are non-trivial. To understand why this is the case, it

is instructive to compare the model to other macro-finance models.

(i). For a representative agent model, block 2 is not applicable because there is no
distribution and block 3 is less complicated because the goods market condition
simply becomes c+ (¢ — ¢(¢)) K = y, which can be substituted into equations in
block 1. In this case, the model can be simplified to a differential equation for
q. For heterogeneous agent models, following Krusell and Smith (1998), other
papers approximate the distribution by a low dimensional collection of moments

and do not need to work the agent distribution.

(ii). For the continuous time version of Krusell and Smith (1998) discussed in Gu et
al. (2023), we have a distribution of agents so block 2 is non-trivial. However,
this model has no long-term assets and closed form expressions for all prices
in term of the distribution. So, block 3 is can be trivially satisfied and we can

combine all equilibrium conditions into one master equation.

(iii). For models such as Basak and Cuoco (1998) and Brunnermeier and Sannikov
(2014) discussed in Gopalakrishna (2021), the HJBE can be solved in closed
form. This means that block 1 can be solved analytically and substituted into
the block 3.
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3 Algorithm

In this section, we outline our algorithm for solving the model. Conceptually, we can
view our approach as a type of “projection” onto a neural network. At a high level,

this involves:
(a) Replacing the agent continuum by a finite dimensional distribution approximation,

(b) Representing the equilibrium functions by neural networks with the states as

inputs, and

(c¢) Training the neural network parameters to minimize the loss in the equilibrium

conditions on randomly sampled points from the state space.

Although this approach is straightforward to describe at a high level, implementing

it successfully involves many non-trivial decisions that we discuss in this section.

3.1 Finite dimensional distribution approximation

In Gu et al. (2023), we compare the three main finite dimensional distribution
approximation approaches: working with a finite number of agents, discretizing the
wealth space onto a grid, and projecting the distribution onto a collection of basis
functions. In this paper, we focus on the finite agent approximation approach because
we have found it is convenient for handling competitive markets. Conceptually, this
approach replaces the household distribution state by a finite collection of agents
while imposing analytically that the idiosyncratic agent noise averages out.
Formally, we impose that there are I < co household “dynasties” in the economy.
When a household in a dynasty dies, they are replaced by a new household with wealth
a; = ¢pA; as before. Let 1; := a;/A denote the wealth share for household dynasty
7. We solve for an equilibrium in which agents behave as price takers and forecast
prices under the assumption that the idiosyncratic death shocks have averaged out

and so perceive the law of motion:

dn;
:’t = Ay <¢h — 1) + (Mai,t — pas+ (Oa; — Uai,t)TUA,t) dt
it
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That is, we solve the model with agents behaving as if they are in a model with
continuum of agents.

A natural and frequently raised concern with this approach (and finite agent
approaches more generally) is that the simulation of the I agent economy would
contain idiosyncratic noise and so be inconsistent with perceived law of motion.
However, there are number of reasons why this is not a problem. First, we do not
use simulation to solve the model because we are working with a continuous time
analytical formulation of the problem. So, concerns about simulation are unrelated
to the accuracy of neural network solution. Second, when we need to simulate the
solved model (e.g. to generate time paths or impulse responses), we use our neural
network solution to approximate a finite difference approximation to the KFE and so
are able to simulate the limiting economy with a continuum of agents. We do this
following the approach we developed in Gu et al. (2023) and summarize in Appendix
B to this paper. In this sense, we exploit the continuous time analytical formulation
to be able to maintain the convenience of a finite agent economy without have to deal
with the finite sample noise problem that appears in discrete time simulation based

training methods.

3.2 Neural network representation and loss function

A “direct” implementation of our deep learning approach would be to parameterize
the equilibrium objects and then train the neural networks to minimize a large loss
function that combines all the general equilibrium equations described in Theorem 1.
Although this should work in principle, many researchers have found it very difficult
to implement in practice. Instead, we rewrite the equilibrium characterization to
“help” the deep learning algorithm to train the neural networks.

First, we approximate the equilibrium functions rather than the partial equilibrium
functions. Under the finite agent approximation, the aggregate state space is
S = (z,¢, K,m, .. .,mr,me,my) € S. In equilibrium, all the functions can be expressed
directly in terms of the aggregate state S. For example, the function &,(a;, S) has

an equilibrium representation given by:
where A(S) = ¢*(S)K + ¢™(S)M is equilibrium aggregate wealth. We solve directly
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for the equilibrium functions (i.e. =) rather than for the partial equilibrium functions
(i.e. &) in order to avoid having to nest the neural network approximation for prices
(i.e. ¢*, ¢™) inside the neural network approximation for other other variables when
we impose equilibrium.

Second, we use Neural Nets to represent variables that are relatively easy to train.

This leads us to parameterize the following variables by Neural Nets:

G S = R, (8,0,,) — &u(S;0.,),
S =R, (8,04q,) = 0(S;04q,),
0, :S =R, (5,09, 0;(8;0y,), Ve {kn}
q':S =R, (5,04)—d(8;0,4), Vic{nm}
figr : S = R, (8,0, 40) = i+ (8;0,.04), VI € {n,m}
G,:S =R, (8,0,4) > 64(5:0,4), 1€ {knm}
where w := ¢/a denotes the household consumption-to-wealth ratio during their

lifetime, €2 := C/a denotes the household consumption-to-wealth ratio at death, and
O, denotes the parameters for the Neural Net approximation of variable . Why do we
approximate these variables? In general, it is easier for the Neural Net to approximate
well behaved, bounded functions. This guides our choices about how to parametrize
the household optimization variables. It is easier to approximate &, = 0,V than
Vi, because it is easier to impose concavity. It is even easier to approximate the
consumption to wealth ratio wy(n;) and then reconstruct &,(n;) = (wn(ni)niA)~Y
because then the explosive curvature is encoded analytically.

Third, we impose market clearing explicitly rather than including the market
clearing conditions as part of the loss function. Given the neural network approximations
(O, Qh, éj, ql, fige, 0 4), we can solve for the other equilibrium variables explicitly
using linear algebra. The neural network approximations then need to satisfy the

following equations (after imposing market clearing and with = = «/(&(8)ng"(S)K)):
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L.(8) = (r" =7 — pn — M)Z + 1=(S) + Pri(05(9))
— 0k (OR)0F(S) + Ynm(07(S)) = Dop o 1 (03)07(S) ... Euler eq.
La(8) = Q= nASYW(05(S),07(S)) ... Death cons.
E%(,SA') =0 —0.(8), e (kn) ... Portfolio opt.
Ly(S) =X —q"(S)(r — ¥+ X = (ugn — pgr — 2/q")) ...FOC diff + MC
Lon(8) =1™ — f¥ — (ugn — pgr — 2/4" + An(1/¢™(S) — 1) ...FOC diff + MC
Ly, (S) = (Dgq") g + ;tr {(ag(g, 0,) © 8)(0,(S,6,) © S')Di;ql} ... Consistency
L,(8) =6,8)— (050 8)T(Dgq), Ve (k,n,m) ... Consistency

(3.1)

3.3 Algorithm

We outline the algorithm in Algorithm 1 below. Given the current guesses of the
neural networks, we solve for equilibrium using the matrix algebra. We then update

our guesses for the neural network approximations.

Algorithm 1: Pseudo Code

1: Initialize neural network objects (@p, Qh, éj, q, fige, O4) With parameters ©,

: Initialize optimizer.
: while Loss > tolerance do

2
3
4:  Sample N new training points: (S’" = (z”, ¢ K™ ()i, ng,n}l))N
b)
5

n=1"
Calculate equilibrium at each training point S™:
Construct loss as:

L(S") = (Lu+La+ Ly + Ly + Ly, +L,)(S";0)

where £, is defined by equation (3.1) for each variable v.

i

Update © using stochastic gradient descent.
7: end while

22



3.4 Three Testable Models

We “test” our approach by using our algorithm to characterize the solution to three
macro-finance models that can be solved using conventional methods: a complete
markets model, Basak and Cuoco (1998), and Brunnermeier and Sannikov (2014).
Appendix C studies the comparison in detail. Here we summarize the key results.
For all models, we use simple feed-forward neural networks and an ADAM optimizer.

The details of the neural network parameters for each model are shown in Table 1.

Model Num of Layers Num of Neurons Learning Rate
“As-if” Complete Model 4 64 0.001
Limited Participation Model 5) 64 0.001
BruSan Model 5) 32 0.001

Table 1: Neural network parameters for the three testible models

Table 2 summarizes the mean squared error between the conventional solution and
the neural network solution. Evidently, the neural network and conventional methods
converge to very similar characterizations of equilibrium. We compares plots from

the models visually in Appendix C.

Method Error
Complete markets 1.0 x 107°
Basak and Cuoco (1998) 4.9 x 1074

Brunnermeier and Sannikov (2014) 7.0 x 107°

Table 2: Summary of the algorithm performance and computational speed. Error calculates
the difference between solution by neural network and finite difference. All errors are in
absolute value (L1).

3.5 Convergence For Our Full Quantitative Model

We solve the quantitative model by training the the deep neural networks ({@h}}lz:p 6,1).
Each neural network is fully-connected feed-forward type, and has 4 hidden layers and
32 neurons in each layer. We train using an ADAM optimizer with a learning rate of
0.0005 for 1400 iterations. Figure 1 presents the L-1 loss from the quantitative model

over iterations. The loss decreases over time although not monotonically due to the
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stochastic nature of learning process. The HJB loss is higher than the consistency
loss due since the HJB equations involve Euler equations which are complicated since

they embed the market clearing conditions. After 10,000 iterations, the total L-1 loss
is 0.018. The corresponding L-2 loss is 1.4 x 1074.2

0.35 —— Consistency loss
030 HJB loss

---- Total loss
0.25

L1 loss

‘\\‘\
0.05 A Sl
R LN L N Y SO PN P
I

0004 ,

SRR ni,

0 50 1(')0 15IO 2(I)0 25IO 3(I)0 350
Epochs
Figure 1: The L-1 loss from the quantitative model over iterations. The neural network

architecture is 4 hidden layers with 32 neurons in each layer trained using an ADAM
optimizer.

4 Understanding the Economic Mechanisms

Our model contains a rich and novel set of economic forces. In this section, we
introduce the different forces gradually in order to isolate the different mechanisms

at play. Subsection 4.1 studies the model without household heterogeneity. This

allows us to focus on asset pricing dynamics and the sector level implications

of restricting fund involvement in the capital market. Subsection 4.2 introduces

household heterogeneity into a model. This allows us to study how financial distress

in the financial sector and participation constraints in the household sector impact
inequality.

2Figure 1 only shows for 300 epochs since we ignore epochs whenever the loss is larger than the

running minimum.
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4.1 Sector Level Asset Pricing

In this section, we study a version of our model in which households have homogeneous
wealth and so there are three representative agents in the economy: a househould, a
banker, and a fund manager. This would be nested in our general environment by
a parametrization in which a, = Aj, and all households start with the same wealth.

We collect our analysis into a number of lessons.
Lesson 1: Regulation determines which agent acts as the “back-stop” during bad times.

Figure 2 plots key equilibrium variables as a function of aggregate TFP (z) and
stochastic volatility (¢). (Additional plots are shown in Appendix F.) The blue
lines correspond to an economy where the fund portfolio is unrestricted in its asset
holdings (similar to the second half of the nineteenth century in the US) and the
dashed orange line corresponds to an economy where the fund is restricted to holding
long duration bonds (similar to contemporary regulation). The left column depicts
portfolio choices across the different sectors. From this, we can see the bank leverage
channel that is present in many macro-finance models: in good times the bank takes
on additional leverage which means that in bad times they take additional losses and
end up deleveraging. When the fund is able to participate in the capital market (the
blue line), then they respond by purchasing capital from banks during recessions.
However, if funds are restricted from capital markets (the orange line), then either
the bankers have to continue to hold the capital themselves or sell the capital to the
household sector. In other words, the regulatory restrictions on the fund determine
whether the funds or households end up acting as the backstop to the banking sector
in bad times.

What drives the trading behaviour between the bankers and the fund managers?
The key force is that the market value of bank and fund liabilities respond very
differently to the aggregate shocks in the economy. The bankers issue short term
risk-free liabilities. By contrast, the funds issue long-term insurance products that
decrease in price during recessions (when goods are scarce and the marginal value
of consumption is high) and could increase or decrease in price during periods of
high volatility (when goods are scarce but households also want to rebalance their
portfolios into safer assets). This means that when a recession hits, the networth

the bankers falls while the net-worth of the funds increases and so the funds have a
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comparative advantage in hedging business cycle risk. As a result, the bankers trade

their capital to the funds during recessions. However, having the funds play this role

is not necessarily costless for the economy because the funds are not necessarily a

good hedge against the volatility shocks.
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Figure 2: The figure plots equilibrium variables as a function
banks and funds. The solid blue line refers to the unregulated economy in which the
fund can hold any assets while the dashed orange line refers to the regulated economy
in which the fund can only hold long duration bonds.
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Lesson 2: Regulation determines which shocks generate high endogenous wvolatility

and which variables experience high volatility.
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The second column in Figure 2 shows how the bank and fund trading behavior
ends up affecting the volatility of capital prices. Evidently, the capital prices in the
unregulated economy (the blue lines) are less volatile in response to business cycle
shocks (i.e. lower o ) but more volatile in response to uncertainty shocks (i.e.
lower ok ). This occurs because the funds purchase capital during recessions (and
so stabilize the price of capital) but not necessarily willing to purchase capital during
high volatility events.

The final column of Figure 2 shows the impact on the household wealth evolution.
Again, we see the trade-off that giving the fund broad access to asset markets
stabilizes household wealth in response to business cycle shocks but destabilizes
household wealth in response to volatility shocks. In this sense, allowing the fund to
act as as the backstop during recessions does not come free: funds do not internalize

how their capital purchases increase household wealth exposure to uncertainty shocks.

Lesson 3: Restricting fund participation increases capital risk premium and can also

increase the convenience yield on government debt.

Finally, Figure 3 shows the portfolios and excess returns as the wealth shares of
the fund sector and the banking sector change. Evidently, the impact of decreasing
banker networth varies considerably when the fund is allowed to participate in capital
markets. In an unregulated economy, low net-worth banks short capital while funds
go long capital. In the restricted economy, the banks are forced to hold capital even
as they take losses. This ends up leading to a higher risk premium in the regulated
economy. The impact on government borrowing costs is ambiguous. On the one hand,
forcing funds to hold government debt creates a captive debt market. When banks and
funds are well capitalized, this leads to a higher convenience yield on government debt.
However, forcing funds to hold government debt also increases volatility elsewhere in
the economy and so changes household demand for fund products. Ultimately, this

can lead to lower demand for government debt (and in-fact a negative convenience
yield).
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Figure 3: The figure plots equilibrium variables as a function of TFP (and volatility).
The solid blue line refers to the unregulated economy in which the fund can hold any
assets while the dashed orange line refers to the regulated economy in which the fund
can only hold long duration bonds.

4.2 Inequality and Asset Pricing Dynamics

An important feature of the model is the ability to characterize the general equilibrium
relationship between participation constraints, inequality, and asset price dynamics.
In this section, we explore these connections.

The difference between the drift of the wealth share of any two households i and
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7 can be expressed as:

st = Bt = (ef,t - Gi-ft)(rf - 7“115 - Uf,t : Ug,t) + (9?,,: - %)(T? - rllt - Uf,t o)

::(.U‘nj,t_ﬂni,t)K ::(.U“nj,t_ltnbt)N

— (wj — wi) + Mo (1 - 1) (4.1)
Nt Mt

The first term in (4.1) captures how participation constraints and risk aversion
impact the excess return that different agents can earn. When n;; > 7 ; is higher, then
agent j holds more wealth in capital and so gains wealth share compared to the poorer
agents who are unwilling to pay the cost to participate in the capital market. This has
sometimes been referred to as the “scaling” effect in the literature—wealthier agents
have access to better investment opportunities and so gain wealth more quickly. The
second term in (4.1) captures the impact of risk exposure on the average wealth drift.
Agents holding more capital are also more exposed to aggregate risk in the economy.
This is additional impact of scaling up into risky investment opportunities that is not
present in macroeconomic inequality models without aggregate risk. The third term
in (4.1) captures the impact of the death rate in the economy. This is the main force
that stabilizes the wealth distribution in economy. Other models have attributed this
many possible features (e.g. new entrants with better skills, idiosyncratic risk, ... ).
We have little to say about it in our model and so simply allocate it to a death rate.
The final term in (4.1) captures how a lower marginal propensity to consume out of
wealth, w; < w;, leads to greater wealth accumulation.

Figures 4 and 5 plot the decomposition of household inequality evolution for
economies with different participation constraints (with respect to changing 7, and
ns respectively) and no fund participation in the capital market. This is the most
restricted version of our economy. First, we can see households respond to an increase
in wealth by increasing their portfolio share in capital and decreasing their share in
pension/insurance products (as is seen stylistically in the data). This is because
the capital market participation constraint is relaxed as the household accumulates
wealth. We can also see that the household capital share increases much more quickly
when the capital market participation constraint is lower (1& is lower). How does this
impact the evolution of inequality in general equilibrium? The effect is ambiguous.

On the one hand, the economy with tighter capital market participation constraints
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generates a higher capital risk premium so wealthier agents can earn a higher return.
However, on the other hand, the economy with tighter capital market participation
constraints also has less variation in household portfolios, which means the difference

in exposure to the risk premium is smaller.
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Figure 4: Inequality evolution decomposition for different participation constraints.
The blue plot has ¥ = 0.5. The orange plot has ¢» = 2.0. The wealth distribution
within the household sector is set to be equal. p. = 0.04, py, = 0.03, u = 0.02, 0 = 0.05.

Figures 6 and 7 show the decomposition of inequality evolution for the unregulated
economy (in orange) and the regulated economy where funds are restricted from
accessing capital markets. We can see that the regulated economy leads to less drift

in inequality when household participation constraints are high.
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Figure 5: Inequality evolution decomposition for different participation constraints.
The blue plot has ¥ = 0.5. The orange plot has ¢ = 2.0. The wealth distribution
within the household sector is set to be equal. p. = 0.04, p;, = 0.03, u = 0.02, 0 = 0.05.

5 Quantitative Model

In this section, we show that a calibrated version of our model can match cross-section

local projections and long term trends in inequality.

5.1 Evidence on Asset Pricing and Wealth Inequality

Before moving to our calibrated model, we estimate how the US equity risk premium
impacts the wealth distribution in recessions and expansions. We show that wealthier
households and financial intermediaries have a more positive exposure to the equity
risk premium, particularly in recessions. We interpret this as evidence that poorer
agents are less able to take advantage of business cycle frequency asset return risk,

which we attempt to match in our model

5.1.1 Data Sources

We use data from the following sources. Stock market returns are from Welch and
Goyal (2008). Dividend and risk free rate data are from the Shiller Online Database.
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Figure 6: Decomposition of inequality for the regulated and unregulated economy.
The blue line shows the The blue plot has ¢ = 0.2. The orange plot has ) = 1.0.
The green plot has ¢ = 2.0. Wealth distribution within the household sector is set
to be equal. p. = 0.04, p;, = 0.03, 1 = 0.02,0 = 0.05 (the same below for all figures
in this section).

Wealth distribution data is from the updated version of Saez and Zucman (2016).
Financial institution data is constructed from the CRSP Database. For all empirical
analysis, we use times series from 1976 until 2023 at a monthly frequency.

We estimate the equity risk premium since it is not directly observed. We proxy

the risk premium by the fitted value of the following regression:

K

> Risiin — 5 = Po + Bidpe + €

k=1
where R4y is the cumulative k-period future returns, 7 is the risk free rate, and
dp; is the dividend yield.® For the baseline specification, we use k = 1 but the results

do not materially change for other values.

3For robustness, we estimate the risk premium using the Fama-French three factor model instead
of dividend yield and get similar results.
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Figure 7: Decomposition of inequality for the regulated and unregulated economy.
The blue line shows the The blue plot has ¢ = 0.2. The orange plot has ) = 1.0.
The green plot has ¢ = 2.0. Wealth distribution within the household sector is set
to be equal. p. = 0.04, p;, = 0.03, 1 = 0.02,0 = 0.05 (the same below for all figures
in this section).

5.1.2 Household Risk Premium Exposure

To measure the impact of risk premium on the household wealth distribution, we

perform a Jorda (2005) style local projections and run the following regression

log (%) = Qpp + Bp,hrpf + €pith
for horizon h = 1 to 30 months, where w, 1, is the real wage growth of households
in p — th percentile at horizon h. We repeat this regression for 4 different wealth
percentiles p € {0.01,0.1,40.0,50.0} denoting the top 0.01%, top 0.1%, middle 40%,
and bottom 50% of the household wealth distribution, respectively. The top panel of
Figure 8 displays the coefficient (3, , for different percentile levels. First, risk premium
tends to affect wealth positively over the longer horizon. Second, this effect is larger
among the top wealth percentiles compared to the bottom percentiles. The results

do not change if we add lagged risk premium as controls to account for the possibility
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that wealth share moves because risk premium is correlated.
Next, we study the response of wealth distribution to risk premium conditional
on the economy being in a recessionary state. Recessionary periods correspond to the

NBER recessionary dates. We run the following regression:

log (%) = aph + BparPl X Liee + €pitn
Pt
where 1g.. is a dummy variable taking a value 1 during NBER recessionary periods,
and 0 otherwise. The coefficient Bp,h measures the response of wealth distribution
to conditional risk premium. The bottom panel of Figure 8 presents the coefficients,
where the unconditional patterns also hold conditional on recessionary periods. We
plot the ratio of the conditional exposure in a recession to the unconditional exposure
in the bottom panel of Figure 8. Evidently, the conditional effect of risk premium on

wealth is larger for top wealth percentiles.
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Figure 8: The figure plots the impulse response of wealth distribution to risk premium
(Bp,n) obtained from the regression log (W, 14n/Wpt) = app + ﬁpﬁrptK + €pt+n. The red
lines are the conditional impulse response of wealth distribution to risk premium (5, 4)
obtained from the regression log (W, 141 Wp) = app + Bp,hrp{( X 1Rec + €pt+n- The data
for wealth percentiles come from Saez and Zucman (2016), and risk premium is estimated
using a factor model.
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Figure 9: The left panel plots plots the impulse response of wealth distribution to risk
premium (Sprc,n) obtained from the regression log (Wgeuct+n/WBHCH) = aBHCHK +
BBHC’hrpf( + epuc,t+h- The right panel plots (Spmc) obtained from the regression

log (Warc,+n/WaHet) = aprcn + Beacarpf X 1ree + €prc,+n- The right panel plots
the ratio of conditional exposure to unconditional exposure f3, /By for top three wealth
distribution percentiles p € {0.01,0.1,10.0}.

5.2 Calibration

We calibrate the model with a strategy that combines targeting model moments
and data moments. Remaining parameters are taken from the literature. Table
3 displays the calibrated parameters. The discount rate is set to 5% based on the
literature (Krishnamurthy and Li (2020), Gertler and Kiyotaki (2010) etc.). Financial
intermediaries discount rate is 7% that includes a death rate of 2% in line with
Garleanu and Panageas (2015). The risk aversion parameter is calibrated to match
expert sector leverage ratio of 6.6. This number is closer to the value of 6 used in
Krishnamurthy and Li (2020). The volatility parameter is set to 0.2.* The portfolio
constraint parameter is calibrated to generate a 32% portfolio share from the middle

income households.

4While this is higher than the historical volatility of 4% of real GDP growth (Bohn’s historical
data), we set it to a higher value since the only shock in the model is a Brownian TFP shock with
which we aim to match the entire evolution of wealth distribution in the past century. A lower value
of o does not materially change the asset pricing moments since participation constraints remain to
be the major driver.
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Parameter Symbol Value Target

Risk aversion v 3.0  Financial sector leverage
Households’ Discount rate Ph 0.05 Literature

Experts’ Discount rate Pe 0.07  Literature

Reversion rate 15} 0.5 Data

Volatility o 0.2  Long-run Volatility of TFP
Portfolio constraint ¥ 10 Middle-40 pctl. portfolio share

Table 3: Calibrated parameters.

5.3 Comparison to Asset Pricing Data

Table 4 reports the asset pricing moments in the data and from the model. None of the
asset pricing moments are specifically targeted and hence a measure of success of our
model is to see how well it matches these moments. The table shows that the model
generates a sizable equity returns and risk premium, and also generates endogenous
volatility close to the data. Having the expert sector in the model helps generate
amplification. The agents in the model have CRRA utility with a risk aversion
parameter calibrated to v = 3. Unlike Guvenen (2009), Garleanu and Panageas
(2015), Gomez (2017) and Basak and Chabakauri (2024), we do not have preference
heterogeneity between the agents in the economy. More generally, the asset pricing
literature typically generates a high risk premium using either Epstein-Zin utility
and/or calibrating with a high risk aversion parameter. We require neither of these
features to match the equity premium since participation constraints of households

generate all the intended effects.

Data  Model Source

E[Risk premium] 5.5%  3.8%  Predictive regression
Std[Risk premium| 4.7%  1.1%  Predictive regression
E[Equity returns]  6.4%  8.5%  Amit Goyal’s website
Std[Equity returns] 19.3% 13%  Amit Goyal’s website
E[Risk-free rate] 43%  4.5%  Amit Goyal’s website

Table 4: The table reports the asset pricing moments in the data and the model. The time
period is from 1950Q1 till 2021Q1. All values are in annualized terms.
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5.4 Comparison to wealth distribution

Model wealth distribution
Empirical wealth distribution 5°
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Figure 10: The left panel presents the share of total wealth for the households in top
1%, middle 40%, and bottom 50%, respectively. The time period is from 1976 till 2023 at
monthly frequency. The data is taken from Saez and Zucman (2016). The right panel
presents the share of total wealth produced by the model for the same percentiles of
household wealth.

Instead of matching specific moments of wealth distribution as in Gomez (2017),
we feed-in an initial wealth distribution resembling the data and track the model
implied evolution of wealth distribution over time. The left panel of Figure 10 displays
the empirical wealth distribution from Saez and Zucman (2016) between the time
periods 1976 and 2023. The top 1 pctl. households start out at a lower share of total
wealth compared to the bottom 40 pctl., but gradually take over the latter. The
bottom 50 pctl. households instead start with a much lower share of wealth, and
remain there for the rest of the time period. The right panel of Figure 10 displays the
evolution of wealth distribution implied by the model. It is important to note that the
wealth distribution is not particularly targeted in the calibration. The participation
constraints on the households alone generates and matches the empirical evolution of
wealth share over a comparable time period. While the share of wealth held by bottom
50 pctl. households is close to zero in the data, we feed in a larger value because the
wealth of the agents do not go below zero like in the data due to their risk aversion.
Nevertheless, the model captures the declining trend of these households pretty well.
Apart from such minor differences in the way we feed in the initial distribution, the
model successfully captures the long-term trend of the “hollowing-out" of the wealth

distribution. Notably, in addition to the widening gap between the top 1 pctl. and
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bottom 50 pctl. households that is much talked about the literature, the model also
captures the declining wealth share of middle 40 pctl. households that resonates with
the disappearance of middle-class in the US.

— Top1%
01 Middle 40%

W—/\/_/\/\/—/\/\_/—/—/\_ Bottom 50%
0.0

-

Bp.n
s
o

o 10 20 30 40 50
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Figure 11: The figure plots the model implied impulse response of wealth distribution to

risk premium (8, ;) obtained from the regression log (%) = app + Bp,hrpt x 1rECc +

€p,i+h- The wealth levels are proxied by the wealth-shares 7, from the model for different
percentiles. The indicator function 1zgc takes a value of 1 if productivity level is below its
mean. The risk premium rp; used in the regression is the model implied risk premium.

Lastly, we perform local projection using the model implied equilibrium quantities
to show the hollowing-out effect. Figure 11 displays the result where we regress change
in wealth shares of households in different wealth percentiles on the risk premium
implied by the model. Consistent with the empirical observation, the top 1-pct.
households have a higher exposure to risk premium compared to agents in the other
wealth percentiles. Admittedly, the effects on the middle 40 pctl. and bottom 50 pctl.
are much stronger than what we see in the data. This could be because in the data,
households have access to other assets such as housing, private equity, which affect
wealth distribution in complicated ways. Nevertheless, the local projections capture
the spirit of empirical observation which is that the equity markets have played a

dominant role in hollowing out the wealth distribution in the US.
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6 Conclusion

In this paper, we have studied the feedback between intermediary asset pricing and
inequality when there are participation constraints. This required us to develop
a new methodology that uses deep learning to characterize global solutions to
macroeconomic models with long-term assets, agent heterogeneity, and non-trivial
household portfolio choice. We believe this technique provides a general approach for
exploring how asset pricing relates to inequality across investors and institutions. We
used a calibrated version of our model to explore how limited participation in asset

markets leads to amplification of the capital price process.
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A Recursive Characterization of Equilibrium

The finite dimensional aggregate state variables are: s := (2, (, K, m,ny), where n;
is the fraction of wealth held by sector j € {h,b, f}. We also have that the infinite
dimensional state variable: g,. With some abuse of notation, we let G = {n,7¢, g1}
denote the collection of distribution state variables in the economy. The belief about
prices becomes the belief about the evolution of sector wealth, (fiy ;, 67.;)jc(n,f}, and
the evolution of the household measure function g,. For convenience, we define the

following notation (all summarized here):

= (2, K, nu, 1)
= (s, 9n)

= (a,2,(, K,y ny)
= (T, gn)

Let V;(X) denote the value function for agent of type i € {h,b, f} with state variable
X.

In matrix form, the evolution of @; is (under household beliefs):

day = (e (s, Cp, 01) © )dt + (04(xe, 05) © wt)Tth

where
/,La(l’, Ch, Bh) Ua,z(wa Oh) Ua,((wa 0h>
s o, 0
] o
lJ':L'(wJCfUOh) = ¢ ) O-:E(w70h)T - ¢
KK 0 0
[th 5_7']}“2 677}“(
L [‘nf ] L 6nf7z 5nf,C ]

where o, = [0,.,0,¢]7 is the vector of volatilities for variable y. And (dropping
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explicit dependence on x to save space) we have:

Y = 0,00 (x,0;)

0,04(0h)  0u:(0)0. 0uc(Bn)oc 0 0l (0,)8,, o4 (0h)oy,
0:04..(01) o? 0 0 0.0, 0.0,
| ocoac(z, 6r) 0 o} 0 0cOn,¢ OO
B 0 0 0 0 0 0
&’ o, Gps0s  Fpeoc 0 676,  6la,
| &l o, Gope0.  Fyoc 0 616, 60, |

We use analogous notation for the law of motion for s;. Agent’s belief about the law

of motion of g, is denoted by:

dgn.i(a) = fig(a, S)dt + &4(a, S)" dW,

A.1 Household Optimization

HBJE: Given beliefs about the evolution of the wealth shares, the household value
function Vj,(a, -) solves the HIBE (A.1) below (written in matrix form):

ch,0n,th

pVA(0) = s Lacn) + (na(0F) + na(67)Zna
+ A (U (aW(6;,67)) = Vi(X))
+ (pa (2, Ony 1) © )" D V(X)) (A1)
+ ;tr {(0(@,60) © 2)7 (0.(2,6,) © 2) D2V (X))

+ Eth(X)}
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where £,V},(X) is the collection of Frechet derivative terms and:

[ 9.Vi(z) | 02V .. 02V
0. Vi(x) aﬁth . 8§Af Vi
0: V() BV ... Vi
D,Vi(x) = | 9xVi(z) |, DiVa(x) = | OkVi oo O, Vi
Oa, Vi(x) 3124}1th . a,%lhAth
O, Vi() BVi - BaVa
| Oa,Vi(z) | R VAT WA TS

HBJE (partial matriz): We can rewrite the HJBE with the controlled variables taken
out of the matrices. Then the HJBE is given by:

Vil ,90) = g fulcn) + (@n(08) + ¥ (67)Zn0

chyOnsth
+ A (U (aW(BF . 07)) = Vila, s, 9n))
+ ua(a S, Ch, 0h7 Lh)a + (us(sv gh) O] S)TDth(a'7 S, gh)

+ Qagavh(aa S, gh)o{f(aha S, gh)o-a<9ha 8)@2 + Z aaSj Vh(a7 S, gh)ag(0h> S, gh)a-Sja“sj
J

5t {(@205,00) © )7 (0.5, 91) © 8)DVi(a 5,90) | + £,Vi(a 5,01

where:
0 2
Qbh(eﬁt) = 7k (Hﬁ t)
n @Z_Jn n 2
Un(bhy) = 9 (‘9ht X)
W(h4,0) = (05(1 —7))*((¢")"'05) "~
Ha(ayn, O, -) = (P + 05,77 = 7)) + 05 (75 = 7) = cne/ans — The)
oL (0n,") = 016, = | 5.+ O8G0, G5+ 055 |
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and so:

(o0r0a)(a,64,-) =06, 5,606,
— (6}?6’(1%,2 + G}Ii,t5qk,z)2 + (927t6qn’< + ez,t&qk,<)2

T -~ T~ =T
o,(a,0, )6, =0,6,0,

k~ - - k~ ~
— (Qﬁiaqnyz + Hhaqk7z)crnj7z + (050 gn ¢ + On0 gk ¢ )on, ¢

Z Oas; Va(a, s)ol (6, s)o,, = 0% Vi(a, 8)0,,:(0h, 8)0 a2
J

+ 02 Vi(a, 8)0a,c(On, 8)aca + Y 9as Vala, 8)a, (Oy, 8)G 4,(s)an;
J

The HIBE becomes:

puVi(a,s) = mmax fu(cn) + (Unn(6) + dral(6F) Enc
+ A (U (aw (67.67)) = Vila,s))
+ pa(a, 8, ¢, On,1n)a + (us(s) ® )T DV (a, 8)

1
+ gﬁgth(a, $)01.6,6.0,0° + " 045, Vii(a, 8)0] 5,05, as;
J

+ ;tr {(a’s(s) ® 8)(o4(s) ® 8)D*V(a, s)} + L,Vi(a, s, gn) + L,Vi(a, s, gh)}

FOCs: The first order conditions are given by (as as the problem with out the
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household distribution):

[Ch} . 0= u’(ch) - 8th
1
e 0=93o(1) — —
[t] (t) "
04 - 0 = AuVi (7 — 7)a + X0 WO}, 61 )U'(C)

- ~T 2 ~T
+ a@ﬁwh7k5ha + 0o VO o aa” + Z Ous; VaO o 0,05,
J

= 0uVi(F* = 7)a + AW (05, 03)U'(C)
+ 8gﬁwh,k5ha + (Dw(ﬁth)T(am ® JB))T&qka
CAE 0 = B,Vi(7 — 7)a + A W(BE, 60U (C)

= ~T 2 ~T
+ a@zwh,n:ha + aaavho-qno-aa + Z aasj Vha-qnasj as;
J

= 0V (" — #)a + Agr W(, 05 )U'(C)
+ Opr U kZha + (Do(0aVi) (02 © @) G gna

SDF FEvolution: Let &,(X) := 0,Vi(a, s, gn). From Ito’s Lemma, we have that the
drift and volatility of &, are given by:

e, 6n(X) = (Daln(X))”
+ itr {(02(X,61) © X)"(04(X,6,) © ®) D26,(X) }
+ L,6,(X)

= afh(aa S, gh)Ma(a7 Ch, Gha S, gh)a
+ (Dsgh(a> s, gh))T(lJ’s(S) © S)

1
+ 58(3@&1(@7 S, gh)ag(gha S, gh)o-a(efu S, gh)a2

+ Z aasj'fh(a‘a S, gh)‘yf(ah’ S, gh)a-sjasj
J
+ St {(04(5) © )7 (0.(5) © )D26u(a, 5, ) } + £,60(X)

o6, én = (0, © )" (D,&)

aagho'a,za + athO'ZZ + Ej 8aj£h0-aj,z77j
aafhaa,Ca + aCShUCC + Zj aajgho—aj,ﬁnj

48



Thus, we can rewrite the FOCs as:

U
0 0=l — ) + el o O
+ OgptbnZn + (0¢,6n) o
n ~n ~d k gn ul(c) - T
[Hh] : 0= §h(r - T ) + A@g;W(Gh, Gh) a + 8921/1h7n:h + (U&hfh) Ogn

Imposing belief consistency and using the equilibrium result that =, = &, we get the

simplified FOCs:

0] - bl = — A(?@ZW(HE, HZ)M — Opethn — ol o

agh
u'c)
alp

07 Pt = = Mg W), 6) = = Oy tn — 08,0

Euler equation: We close this section by using the Envelope theorem to get the Euler

equation (using the partial matrix representation). To do this, we treat fa as the
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choice rather than 6 when taking the envelope theorem. This gives:

prén(a, 8)
= (Ynr(Oha/a) + Pn n(QZa/a)):
(891@1/% k(Qha/a) —I— 89k¢nk(0ha/a) n) =ha
— X\u(a, 8) + 0uén(a, 8)a(a, cn, O, )a + Exla, ) (r® + 1)
+ (Ds€h<a7 S>>T(”’s<8) © S)
2 aagh(a S) (0117 S)aa(eha 8)@2

+ Z Oas,En(a, s)a{‘f(@h, 8)0,a5;
J

+ 51 {(02(5) © )7 (0.(5) © )D26u(a,9)} + L
= (Unk(0h) — Ogpbn i (Oha/a)by + Vnn(07) — Dgptonp(Oha/a)0p) =
— \u(a, 8) + (Do) (pal(z) © @) + &ia, s) (v + 1)
+ 5t {(oa(@,00) © @) (02(, 6) © ) D26(®)) + L6
= (Unk(0h) — Ogrtbn i (03)05 + rn(05) — Ogptbn 1 (07)05) Zn
— \u(a, 8) + pe, En(a, ) + nla, ) (1! = )
So, imposing belief consistency and we get that:

pH A= pg, + 10— T+ U k(Oy) — Ok n s (OF)0) + Unn(05) — Dopthn (670

A.1.1 Banker Optimization

The banker HJBE is given by:

ppVi(a, s,gp) = max {U(Cb) + 11a(a, s, cp, Oy, 1p)a + (ps(s) ® 8)" D, Vi(a, s, gp)

chsOn,tn
+ 82 ‘/b(av S, gh)o-cj;(eba S)Ua(elh 8)&2 + Z 8a3j%(a7 S, gh)ag(057 S)O'stLSj

2aa :
J

+ 5 {(0205) © ) (0,(5) © 9)D2Vi ()} + £,V (a5, |
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where:

ua(a, Cp, 9;,, ) = (fd + (95(7:’C — fd) — cb,t/ab — Tb>

a'g<0b> )

k> k~ _ pks
[ Qquk’Z, QbO'qk’C } = 9ba'qk

Following the same steps, the equilibrium FOCs for the banker are given by:

[Cb] : 0= ul<cb) - aa%<a7 S, gh)
1
Ly : 0=3(1) — =
(2] () "
0] : O=rf—r'+olou

and the Euler equation is:

P = Mg, + rd — Tp
We impose that u(c,) = log(c,) and so we can solve the Euler equation analytically

to get:

cr = (pp+ o) ay

v= ()71 (1/d")

d
aab’t = (rd + Gf(rf — Td) — (pp+ X)) + Tb,t) dt + 01?6q¢dvvt
bt

where 0 is independent of a.

A.1.2 Fund Manager Optimization

The banker HJBE is given by:

piVita,sgn) = mpx {uler) + pua(a.s.cr. 80000 + (usls) © 8)D,Vy(a. 5,1

Ch,Ontn
1
+ §8a2an(a, 8)ol(0;,8,91)0.(0;, 8, gn)a* + Zaasjvf(a, 8, gn)o L (0, 8)0,,as;
J

+ ;tr {(a’s(s) ® 8)"(os(s) ® 8)D2V}(a, s, gh)} + L, V¢(a, s, gh)}
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where:

/Jla(aa Cr, ofa S?Qh) = 'F}l + 9];(721g - f?) + 9?(7??1 - f?) - cfﬂf/af —Tf
Qlja'quz + 9}”5'qm7z + (1 - 9? - 9?1)5'(171’27

k ~ m k m ~ - 0?&%1&
efo'qk:’c + (9f O'qm7< + (1 — 9f — (9f )O'qn’c

a-a(ofa S, gh) =

Following the same steps, the equilibrium FOCs for the fund are given by:

[er] - 0=u'(cr) — 0aVy(a,")

) 0= ¥0) -

[67] - 0=r*—1+ ol (o4 —oy)
[0%"] : 0=7r"—r}+ a'ng (ogm — o)

and the Euler equation is:

pP= ,uﬁf + T? — Th
We impose that u(cs) = log(cs) and so we can solve the Euler equation analytically
to get:
cr = (pr+Ap)ag
v=(¢)71(1/4")

da 0
5 (194 50— o8) = -+ )+ 730) 0+ 6, W

where 0;‘5 is independent of a.
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A.1.3 Equilibrium Functions

The agent optimization problem has the terms:

aﬂugh(a727guK’g> ]
ath(a’727<7K7g)
9 ) < ,K,
Sh(a’27C7K7 9)7 ngh(aa27C7K’ g) - 8C§h(((jl ZZ i. Kgg))
KSh\ty <, §, ’
anhfh(a,Z,C,K,g)
aﬂf£h<av Z,C,K,g) |

In equilibrium we have that that a = 1, A(s) where A(s) = ¢*(s)K + ¢™(s)M:

Eh(za Caga K) = gh(a7 Z, Ca Ka g)’azﬁhA(S)
E;L(Z7<7g7K> = Dzéh(a,Z,C,K, g)|a:77hA(s)

The term Zi(z, ¢, g, K') appears throughout the FOCs equations so we need approximate
it. However, we have:

E%(Z,C,Q,K) 7& DSEh<Z>C7g7K)

for the obvious reason that the dimension is different. Instead, we have that:

0.&n(MnA(s), 2,(, K, g)
Ic&n(mA(s)z,(, K, g)
D.Eh(2,¢, 9, K) = AxcEn(mA(s), 2, ¢, K, g)

Oa&n(a, 2, ¢, K, g)|a=nya(5)A(8) + Oy, En(a, 2, ¢, K, g)la=n, acs)
anffh(nhA(5>>Za ¢, K,9)

Proposition 1. In equilibrium, we have that for j € {h,b, f}:

[1]

i(s)

jE‘j(S)

/‘thfj(aa S)|a:njA(s) - ,UE]-

o'fjgj(a’ 3)|a=77jA(5) =0

[1]

Proof. For clarity, I show this in the non-matrix form for the household rather than
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using the matrix chain rule. For the volatility, we have that:

UEhfh = (Um O] $>T(Dx£h)

_ aafho-a,za + 8Z§h02z + Zj 8nj§h0'nj,z77j
8a§haa,<a -+ 8<£ha<§ -+ Zj anjfho'nj,g’nj

After imposing equilibrium a = 7, A(s), where A(s) = ¢*K + ¢™M, we have that the
RHS is:

prs_ | OebnTusmA(S) + 0600z + X5 0y 600, 21
| 0u€n0acA(8) + 0c6nocC + 35 0y,€n0y,,c1)
- 1T
Oa,z Oa, r 1
o OC ath(??hA(S),Za ga Kag)
OZ o a{&h(nhA(S>Za <7 K7 g)
— 0 Og ath(nhA<S)7Z7 Ca K7 g)
8a€h(nhA(S)v 2, Cy Ka g)A(S) + 8nh§h(77h14(5)7 Z, C) K7 g)
Onnyz - Inui
a’nfgh(nhA(S)7 <, CJ Ku g)
Ongz Onp | - )
= (0, © 3)T<DsEh)
= 0%,Zh

O

Equilibrium Portfolio Choice: Imposing Proposition 1 we have that the portfolio

choices satisfy:

u'c
[05] : rk _ ’]“d = — )\895]/\}(62, 92) aéh> — a@ﬁwh,k — O'ghqu
u'c
[07] rt—rd= — )\a(;ZW(Hﬁ, or) éh) — Ogn P — a'ghaqn
[0F] : P —rd = — a'gbaqk
[0];] : rk — = — Jgf(cqu — o)
[ ?””] : r’" — r}l = — Jgf(aqm — o)

o4



where:

1
ri=rp+|——1]A
e (fﬁ )
Equilibrium Euler Equations: Imposing Proposition 1 we have that the Euler equations

satisfy:

p+ A= piz, + 10— T U (05) — Dgrnk(03)0h + Vnn(07) — Dop o i (0765

p=pz,+r'—m

p=pz, +1f—Th

A.1.4 Equilibrium Block 1: Summary of Optimization

Given equilibrium prices and price processes:
(Tdu qk7 Tka a-qk7 qna Tna Uq”a qm7 Tmu O'qm>
the household, banker, and fund optimization variables (13 variables):

- = = k non npk pk pgm
(—'ha by =fy Ch, Ch7 Cy, Cf, eh) Qha 0b79f> Qf ; L)
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satisfy the optimization equations (13 equations):

0= —(p+ A +pus, +7°— 7+ Uni(0;) — a@k?ﬂhk( 05
+ U (0r) — Ognn i (05)0)

0= —py+pz, +7' =7

0= —py+pz; +7F =

0= —Ch+alt(l—7)"((¢") ")
)

)

0—7" —Tr +)\8ng(9}]§,9”) +89kwhk+0'—

(0
)

0=7r"—r+ A@e;w(em or) + Oopnn + oL,

k

0=r— r +0'~b o

0=r" —r?+a'5f(0'qk—o-qn)

O:rm—r?+0'gf(a-qm—aqn)
1

0=9'(1) — —
e

A.1.5 Equilibrium Block 2: Distribution Evolution

Kolmogorov Forward Equation (KFE): Financial Sector: We consider two levels of
the distribution evolution. Let Ay, Ay, and Ay, denote the aggregate wealth in the
household, banking, and fund sectors. Let g;; denote the measure function of wealth

for type j € {h,b, f}. We start with the evolution of aggregate wealth in the banking
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sector:

dAb, 1 o0 1
Ab; = /0 oy (ch (@), By, S)ags.(a)dadt + wab<¢bAt _ Ay)dt
1 (e’
+ — / a}ft(eb, S)adWyagy(a)da
Ab,t 0 ’ ’
- (Mab(ch(a), 0,,S)+ N\ (5)” - 1)) dt + o ,(6,, S)dW,
b,t
= <rd +OF (" — 1) — (pp+ M) — o+ N <¢b - 1)) dt
Mot

+ 0.(6y, S)dW,

Likewise, the evolution of aggregate wealth in the fund section is:

dA
ket <rb + 9’}(7“’“ - 7“51) + 05 (r™ —1%) = (pg + Ap) = Tp + Af <¢f - 1)) dt
Ay Nt

+a;t(0f,5)dI/Vt

Aggregate wealth is given by A, = ¢* K, + ¢"M. Let ¥, = ¢*K,/(¢"* K, + ¢"M). The

evolution of aggregate wealth follows:

dA; dg* dK dg™
At_ﬁ<qk+K> +(1—19)q—m
= D(ptge + ©() = 0) + (1= D) pigm +0 (0 AW + e (AW )

HA

+ (1 = 9) (ogm AW, 4+ ggm dW,)

So, the evolution of 1, = Ay /A; is given by:

d??bﬂg o dAbyt B dAt _ dAb,t dAt N (dAt>2
Mo t Ab,t Ay Ab,t Ay Ay

T T T
= (Bt — Has — Oh Tar+ 08 ,0as) dt + (04,4 — oay) AW,

= (NAb,t —piar+ (a4 — O'Ab,t)TG'A,t) dt + (oa,t — O'A,t)TdVVt
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and the evolution of 1y, = A, /A, is given by:

d77f,t

ny - (I“Af,t —pas+ (O — O'Afvt)To'Avt) dt+ (o4, — oar) dW,
1t

KFE: Within Households: The KFE for the household distribution in levels, a, is
given by:
dgni(a) = + Ano(a)Ar — Angni(a) — Oalpta(a, 8t, gni)gni(a)]
1
- aa[ag(au St, gh,t>dmgh,t(a)] + 580, [agaa<a7 S¢, gh,t)gh,t<a>} dt

= + \o(a)Ar — Mgni(a) — Oalptala, 8t, Gni)gni(a)]
— g [Ua,z(a'7 St, gh,t)gh,t(a)]sz,t — Oy [Ua,((a; S¢, gh,t)gh,t(a)]dWC,t

1
+ 50(1 [(Ui,z(a, St, Ght) + Ui,g(a, St, gh,t))gh,t(a)] dt
The evolution n;; := a; /A is given by:

dm,t
it

= (Maur = par + (@ar = o)) oas) dt + (00 — oas) AW,
=. Mm,tdt + U,%;’tdwt
where we have softened the entry function from ¢y, to ¢(a), where ¢(a) is a function

with mean ¢;,. For a, a natural candidate would be ¢(a) = LogNormal(¢p, o).
Likewise, the KFE for the distribution in shares is:

dgni(n) = + A1) — Angne(n) — Onlitn(0, 8¢, Gnt) e (1))
1
— 0y [02(77, 8¢, Gnt) AW, gne(n)] + ian {‘7;‘777(777 St gh,t)gh,t(n)} dt

= + (1) = Angne(n) = Oylien (1, St, gnt)gne(n)]
- an [Un,z<7]7 St gh,t)gh,t(n)]dwz,t - 877 [0-777C(n7 St gh,t)gh,t (U)}dwg,t

1
+ 5877 [(Uz,z(na St, gh,t) + J?],Q(U? St, gh,t))gh,t(n)} dt

where again we have softened the entry function ¢, to ¢(n), where ¢(n) is a function

with mean ¢y,. For 7, a natural candidate would be ¢(n) ~ Beta with mean ¢y.
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B Additional Details on Simulating

In order to simulate the economy we need to compute the evolution of the household
wealth distribution. This is complicated for the finite agent approximation method
because the neural network policy rules are functions of the positions of the N other
agents rather than a continuous density. To overcome this difficulty, we deploy the
“hybrid” approach described in Algorithm 2 that uses the neural network solution to
approximate a finite difference approximation to the KFE. Let a = (a,, : m < M)
denote the grid in the a-dimension. Let g, = (gm+ : m < M) denote the marginal
density on the a-grid. At each time step, our method draws Ng;,, different samples
of N agents from from the current density g;,. For each draw k < Ng;,, denoted by
¢F = (a; : 1 <i < N), the KFE is replaced by the following finite difference equation:

dgms = tigm(P1)dt + 04, (§)AW,,  m <M (B.1)

where the drift at point (m) is defined by the finite difference approximation for the
KFE using the policy rules from our finite population neural network solution. From
this approximation we can calculate the transition matrix A, ; for the finite difference
approximation at the draw ¢*. We repeat this procedure many times then compute
an average transition matrix, which we use for simulation. We summarize the steps
in Algorithm 2.

C Three Testable Models

We compare neural network solution to analytical results (for complete market
model) and finite difference solutions (for incomplete market models) solved by HJB

equations.

C.1 Complete Market Model

We make the following modifications to map the model mentioned in section 2 to a
Lucas Tree model. We set the capital share o to be one. We set both the capital
depreciation rate  and the capital conversion function to be zero. We fix the capital
level K; to be one and remove all penalty functions. To further simplify our notations,

we introduce the output level y, = e*.
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Algorithm 2: Finding Transition Paths In Finite Agent Approximation

Input : Initial distribution, neural network approximations to the policy
and price functions, number of agents N, time step size At, number
of time steps Nr, number of simulations Ny;,,, grid
a = {a,, : m < M} for the finite difference approximation.

Output: A transition path g = {g; : t = 0, At, ..., NpAt}

forn=0,..., Ny —1do

for k=1,..., Ny, do

Sample AW, , from the normal distribution N (0, At), construct TFP
shock paths by: z,ar = 2z: + 1(Z — 2:) + cABY. Do likewise to
construct the volatility shock path.

Draw states for N agents {©F :i=1,..., N} from density g; at
t = nAt.

Given state (2¢4as, ©F), compute equilibrium prices and returns.

At each grid point a,, € a, calculate the consumption and portfolio
choices.

Construct the transition matrix A, ; using finite difference on the grid

a, as described by (B.1).

end

Take the average: A, = ﬁ Z]k\fj{” Ak

Update g; by implicit method: g; a; = (I — A At)" g, + aTdW,,
end

Without financial frictions, there is simple aggregation of individual’s Euler
equations as stated in main text, which coincides with the representative agent’s
pricing equation. Let us consider y’s process follows the geometric Brownian motion’s

case:
dy, = pydt + oy, dWy.

In representative agent’s world, by standard Lucas tree pricing formula, asset price

is determined by discounted flow of dividend:

q(yo) =E [/000 e_pt:j,léz;))ytdt] = Yol [/Ooo e Py /yo)' T dt
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Note that for geometric Brownian motion, the distribution of output is given by:

n(ye/yo) ~ N ((u — ;02)1& 02t>

which means (the integral and expectation operator are interchangeable):
1= L 1 2 92
E(ye/y0)' " = (1= ) — 50™)t + 5 (1 — )0’
1
= (1 —y)ut + 5(7 — 1)yo*t

v

Therefore, asset prices are given by:

ot —§ Yo Yo
q(yo) :yo/ e Ple=dt gy — -
0 p+d  p+(y—1p—y(y—1)o?
By goods market clearing condition, we know that ¢; = ;, which means the

consumption policy is:

c= [p+(7—1)u—;7(7—1)02 q

For v =5, = 0.02,0 = 0.05, p = 0.05 in the numerical example, ¢/q = 10.5%, which
means: ¢(1) =1/10.5% ~ 9.5.

Though aggregation results hold, we still incorporate the wealth heterogeneity and
solve by our algorithm. Note that the instant risk allocation is determined by simple
matrix inversion from (??) and there’s no other unknowns for price’s risk consistency,
it is unnecessary to parameterize o,. We find that our solution aligns with the “as-if”
representative agent’s solution quite well. The estimated time cost for model with
5 agents is about 2 mins, 10 agents is about 10 mins and 20 agents is about 20
mins. The difference between consumption rule solved neural network and analytical
solution is less than 0.1% (for 5, 20 agents)/ 0.5% (for 20 agents).
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Figure 12: Solution to As-if representative agent model. Right panel: consumption-wealth
ratio of agent 1.

Num of Agents FEuler Eq Error  Diff  Time Cost

5 <le-4 <0.1% 2 mins
10 <le-4 <0.5% 10 mins
20 <le-3 <0.5% 20 mins

Table 5: Summary of the algorithm performance and computational speed. “Diff” means
the difference between representative agent case’s solution and brute-force. All errors are
in absolute value (L1 loss).

C.2 Asset Pricing with Restricted Participation

We still adopt the modifications that are done in the first subsection to mimic the
endowment economy. There are two price taking agents in this infinite horizon
economy: expert and household. The financial friction we use is that household

cannot participate the stock market. Mathematically, it is stated as:

Ui(ai, b;) = —ii(az‘ —b;)%, ¢y, = 00,1, = 0.
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Figure 13: Solution to restricted stock market participation model.

Again, the output y, follows a geometric Brownian motion:
dy; = pydt + odZ;.

Boundary Conditions. We focus on the case that n € (0, 1], as the economy is
ill-defined when experts are wiped out from the economy, i.e., nobody holds the tree
in equilibrium. To get the right boundary, we use the asset prices and consumption

policy w® from the representative agent’s solution:

we(L,y) = pet (3 = D= 573 = 1o, a(1,9) = i
Model Solution. The estimated time to solve the limited participation problem
by neural network is about 5 minutes. We compare the finite difference solution
(technical details can be found from the appendix) with the neural network solution
on n’s dimension in figure 13 for y = 1. We can see that neural network well captures
the high non-linearity (left-upper panel) and amplification (right-lower panel) by high

risk-aversion.
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C.3 A Macroeconomic Model with Productivity Gap

The setup follows Brunnermeier and Sannikov (2016). There are two types of agents
in this infinite horizon economy: experts and households. We allow households to hold
capitals but in a less productive way. The productivity of experts and households is
Zn, Ze (2 < ze) respectively. Their relative risk-aversion are both . Output grows
at exogenous drift p, = yu, volatilty yo, and experts cannot issue outside equities.
In addition, we assume there’s a constraint for no short-selling from households’ side,

which can be formally written as:

W, (an, bn) = —w;(miﬂ{ah — by, 0})*, Uy = o0
\Ile(aeu be) = _?e(ae - be)za '(Ee = 0.
The output flow on households’ side and experts’ side can be written as:

dey = 2eYt Any = 2pYe, dyy = yepdt + yeodZ,

The capital return from households’ side and experts’ side:

_ Uept o dh,t
Tqet = + Mgyt Tght = + fg,t-
qt qt

We could rewrite the financial friction as return’s gap: *=2&. For the first two

qo
equations, we have:
_lageo_ _lageo_ _rf_rq,h_i_ye_yh
y n Ye—Yn
ge ay ée 37] Uq qu sSn = M ?—77 + qoyq
1 8§h 1 8§h Tr —Tqh Tf=Tq.h 0
- > —_ > - <4 od
oy = o +0
&n Oy En On Oq _"_aw

The main difficulty for Brunnermeier and Sannikov (2016)’s model is that we need
to preserve computational graph when output is a function of risk allocation, which
means resorting to non linear solver, as in Gopalakrishna (2021), is not applicable
here. The algorithm in section 3 still applies here, however. Compared to the previous
two examples, we have to parameterize only one more equilibrium object, because

of the closed form relationships between the equilibrium objects. In practice, we
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introduce the auxiliary neural network for the capital allocation (or say, the output
function), which turned to be most efficient, k = n+ A = 7 + Nyn?, where N, is a
trainable neural net and [ is solved from the asymptotic solution for n — 0. Such

parameterization effectively captures the high non-linearity as n goes to zero.

Model Solution. The estimated time to solve the model by neural network is about 5
minutes. Again, we compare the finite difference solution with neural network solution
in figure 14 for y = 1. We set up the range of n to be the crisis region in Brunnermeier
and Sannikov (2016), which is defined by inefficient capital allocation as < 1. We
can see that the neural network solution well captures most of the amplification in
that crisis region, despite the volatility gap between finite difference solution and
neural network’s when 1 — 0, which is not quantitatively relevant because of the
negligible amount of time the economy spends in this deep crisis region. Matching
such extremely high non-linearity as n goes to be very close to zero has already been

studied well in Gopalakrishna (2021) and is beyond the scope of our paper.
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Figure 14: Solution to the model with productivity gap.
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D Finite Difference Solutions

We exploit the scalability, as in textbook Campbell and Viceira (2002), for geometric
Brownian motion’s case to get a preciser solution by focusing only on one dimensional
differential equation. For scalable income process, we postulate the price function as:
q = f(n)y, where 7 is the expert’s wealth share with no loss of generality, i.e., n = 7.
The value function can be written as:

L (wimg)' ™ _ (wimf(m)'™ ¥ _ oy

pi 1—n pi 1 -~ L=y

where v; can be viewed as the value function on 7’s space only. From the first order

condition®:
- 1 (wimiq)' ™ ¢\ mif(n 19 -5
= g () It o
Pi niq Y Vi
From the goods market clearing conditon, we have:
1
2 Ci nif(n)\~ 1
=By (B s = (D.2)

= ()]

The HIB for scaled value functionv; (note: for y*~7 which appears in V', we still need
to take the It6’s lemma on it)
ov;  10%; ,

o Y1 Vo2 — il — _ g 1 2
[pi = (L =+ 5 (1 = 7)o" —wilvi = [y + (1 v)adn]n8n+28n2n o, (D.3)

where (1), 0, are from (??) and (??7). The price of risk which appears in the asset
pricing condition is determined by It6’s Lemma:
vilmnay _ f'(n)noy

Ui -
:n‘f(n)y7:>a§:av—af—an—’ya: P — 0, — 0.

&
In finite difference, we introduce the pseudo time-steps (D.3):

1 T o2 — ol — _ ovi | 107 '
[pi = (L=t (L = 7)o" —wioi = [y + (1 V)Ugn]nan+2ang77 ot 5

fQ

Ve

—

=1

5This expression leads to the boundary condition at n = 1:
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and update value function in an implicit scheme to solve equation

Vitdt — Vi

ol =M
PV a Vitar + i )

where M is the differential matrix by upwind scheme, and I is the identity matrix.

D.1 Solution to the Limited Participation Model

The distributional dynamics for limited participation model are:

o =1 = )en =0+ (<122 ) = (o)

n
1—

Ui
o, =———0q, Where ry —ry = 0¢0y.

By the consistency condition for price volatility, we have:

o
Fmyoq = f'(myoy + f(oy = 0 = —F0 '
1— 5l —n)
)
The boundary conditions: f(1) = p€+(7_1mi%w(7_1)02,ve(l) = f(1).

Algorithm. Set up grids: 0, = linspace(An,1 — An,1/An — 1). Initialize the value

function as vo(-) = pi + (v — Dp — 37(y — 1)o?.

While Error > e:

1. Compute we,wy, f(n) by equation (D.1), (D.2).

dq dve dvp
2. Compute dn0 dr 0 dy

by upwind scheme, use the boundary condition if f4;_a, > 0

required.
3. Construct the terms in HJB. Then update v; ;1.4 by implicit scheme.

4. Compute Error = |Vetdar — Vet| + |Untrar — Unil
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D.2 Solution to the Macroeconomic Model with a Financial

Sector

Given the expert’s capital share holding s, the wealth share n’s risk o, is (k — n)0o,.

The goods market clearing condition (D.2) is replaced by:
Fn+ (1= /)1 =)
177
= (2)7]

By the consistency condition for price volatility, we have:

f(n) =

fmyo, = f'(nyo, + f(n)oy — oy = O

The boundary conditions are f(0) = - f(1) = —%.

Algorithm. Set up grids: 7, = linspace(An,1 — An,1/An — 1). Initialize the value
function as v;o(-) = p; + (v — 1) — 37(v — 1)o”.

While Error > e:
1. Compute we,wy, by equation (D.1).

2. Approximate f'(n) by finite difference. For n = An : An : 1 — An, solve
(f(n), k,04) from the following set of equations: (1) if K < 1

PeWen) + phwh(l — 77) = KZ, + (1 — /{)zh
g
Jq = 7
S G (D.4)
Ze — Rh _ K =T 0_2
q n(l—mn) *

(2) if K > 1, set k to be 1, then only solve ¢, o, from the first two equations in
(D.4).

dve dup

s> g2 by upwind scheme.

3. Compute
4. Construct the terms in HJB. Then update v; ;14 by implicit scheme.

5. Compute Error = |Vetrat — Vet| + |Vntsdt — Vntl
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E Parameters for Testable Models

E.1 Economic Parameters

E.1.1 Parameters for the “as-if” Complete Market Model

Parameter Symbol Value
Risk aversion 7y 5.0
Agents’ Discount rate p 0.05
Output Growth Rate 1 2%
Volatility of Growth o 5%

E.1.2 Parameters for the Limited Participation Model

Parameter Symbol Value
Risk aversion v 5.0
Households’ Discount rate Ph 0.05
Experts’ Discount rate Ph 0.05
Output Growth Rate m 2%
Volatility of Growth o 5%

E.1.3 Parameters for the Macroeconomic Model with a Financial Sector

Parameter Symbol Value
Risk aversion y 1.0
Households’ Discount rate Ph 0.04
Experts’ Discount rate Pe 0.06
Households’™ Productivity Ze 0.11
Experts’ Productivity Zn 0.05
Output Growth Rate 1 2%
Volatility of Growth o 5%
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Figure 15: The figure plots the model-implied spreads for the unregulated (regulated)
economy in solid (dashed) line. The left (right) panel presents holdings with respect
to TFP (volatility). The fund is restricted from participating in the capital market
in the regulated economy.
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Figure 16: The figure plots the model-implied price volatilities for the unregulated
(regulated) economy in solid (dashed) line. The left (right) panel presents holdings
with respect to TFP (volatility). The fund is restricted from participating in the
capital market in the regulated economy.
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F Additional Plots for Section 4.1

G Additional Plots and Working for Section 4.2

How does inequality impact asset prices? We now consider the feedback from
household inequality back into asset prices. Aggregate capital demand is given
by:

= = 77‘215 Nt
Z ei,tni,tAt + 9e,t77e,tAt = (Z — 2’ ) (Tk,t - Tf,t)Qth

)2 2
i=1 i1 Yo? + Ot Oqgt

For ¢ € (0,00), the agent portfolio choices {0;;}:<; are heterogeneous across the
population and so the wealth distribution impacts the aggregate capital price.
Holding o, constant, we can see that a more unequal distribution leads to a lower
excess return on capital because most of the household wealth in held by an agent
facing a small participation constraint. Theorem 2 shows that as 7., — 0, the
04+ becomes constant and intuition above is precisely true. Figure 17 plots the
equilibrium functions when the distribution is equal (the blue line) and when one
household owns all the wealth (the orange line). This also shows numerically that
high household inequality pushes up the risk premium and pushes down the risk free

rate.

Theorem 2. Asn. — 0, the o, = 0 and greater household inequality leads to a lower

excess return on capital.

Proof. Available in the appendix ?77. m
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Figure 17: Equilibrium functions in a two households economy with log utility and
varying inequality. The orange line is when one household has all the wealth. The blue
line is when each household takes half of the wealth in household sector. Participation
constraint is 1; = 2.0.
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