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Abstract

The regulatory use of banks’ internal models makes capital requirements more risk-sensitive

but invites regulatory arbitrage. I develop a framework to study bank regulation with strategic

selection of risk models. Penalty mechanisms can implement the first-best, but are less useful

when model uncertainty bears on tail risks. In this case, the bank supervisor has to audit risk

models, and optimally makes capital ratios less risk-sensitive to reduce auditing costs. If capital

ratios are set by the Basel guidelines, the supervisor tolerates biased models. I discuss the em-

pirical implications of this “hidden model” problem, and policy answers such as leverage ratios.
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1 Introduction

Risk models have increasingly become a strategic variable for financial institutions, as their output

is used to communicate risk measures to investors and regulators. This external use may a↵ect the

way models are chosen and implemented, leading to biased risk estimates. Dowd et al. (2008) study

the example of Goldman Sachs, which according to its internal (Gaussian) models su↵ered several

“25-sigmas events” in a row in August 2007, although they were supposed to occur once every 10135

years.

Banking regulation can encourage the “strategic use” of risk models. To compute risk-based

capital requirements, the Basel approach heavily relies on the banks’ self-reported risk measures,

which, according to a growing number of empirical studies, su↵er from serious inconsistencies (see,

e.g., Behn, Haselmann, and Vig (2014) or Plosser and Santos (2014)). The reliability of internal

risk measures has become one of the key issues in a heated debate on capital regulation, especially

since the implementation of Basel III in the United States in 2014. Several voices have called for

simpler rules and non risk-based tools such as leverage ratios,1 which will probably be given more

prominence in the next Basel update.2

Two questions are of particular importance in this debate: (i) How can we test whether the

observed discrepancies between a bank’s self-reported risk measures and its actual losses come from

honest mistakes (model risk), or from strategic misreporting (a “hidden model” problem)? (ii) If

strategic misreporting is the issue, what is the optimal regulatory answer, and what is the impact

of current reforms?

This paper o↵ers a framework to answer these questions. First, I derive and compare di↵erent

mechanisms ensuring that risk measures are reported truthfully, taking into account important

practical constraints, such as the fact that uncertainty on risk measures often bears on tail risks.

Second, I study the realistic case in which an international agreement specifies the link between

internal risk estimates and capital ratios, whereas a national supervisor is responsible for controlling

these risk estimates. I show that, unless the national supervisor’s incentives are perfectly aligned

with the international agreement, biased models will be used in equilibrium. I derive empirical

implications on the use of biased models for strategic reasons, giving guidance on how to empirically

separate this hypothesis from alternative explanations.

1See “The dog and the frisbee”, speech given by Andrew Haldane at the 36th economic policy symposium in
Jackson Hole; or the joint press release of the Federal Reserve Board, the FDIC and the OCC on July 9, 2013:
http://www.federalreserve.gov/newsevents/press/bcreg/20130709a.htm.

2See “Basel IV spectre looms for battle-worn bankers” by L. Noonan, Financial Times, 14.03.16.
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More specifically, I consider a regulator who wants to use a bank’s internal risk estimates, which

are private information, and thus faces a hidden information problem. I study solutions to this

problem in increasingly constrained environments. The first-best outcome can be obtained with

a mechanism imposing a penalty on a bank when observed losses are unlikely given its internal

model, thus reducing incentives for using optimistic models. I then introduce the possibility that

internal models di↵er mainly in their predictions about tail risk. In such a case, the regulator cannot

learn that a model was too optimistic unless losses in the tail materialize. If using a su�ciently

optimistic model allows the bank to have so much leverage that it is in default after a tail event,

then it is impossible to impose penalties on a bank for using an over-optimistic model. The first-best

outcome can still be reached if the regulator commits to bailing out troubled banks that reported

conservative risk measures, but not the ones that reported low risk weighted assets and are likely

to have misreported.

While penalty mechanisms have been used since the 1996 Amendment of the Basel Accord for the

regulation of market risk,3 and could be extended to other types of risk, supervisory auditing remains

the main tool to check the validity of internal models. I show that the optimal auditing mechanism

solves a trade-o↵ between the risk-sensitivity of the regulation and auditing costs. Indeed, if capital

ratios react a lot to self-reported risk measures, banks have strong incentives to use over-optimistic

models. These incentives need to be countered by a high amount of supervisory auditing, which is

costly. Second-best capital ratios are thus less risk-sensitive than if the regulator knew the correct

risk-model, and risk-sensitivity decreases with auditing costs.

In practice, supervisors in Basel-compliant countries are not free to adjust the risk-sensitivity of

capital ratios directly, since the formulas linking internal risk measures to capital ratios are dictated

by the Basel framework. This creates an incentive to let banks use biased models so as to implement

the supervisor’s optimal capital ratios, while the letter of the Basel regulation is applied. Whether

the use of biased models is welfare-deteriorating or not depends on the incentives of the national

supervisor. I consider two cases.

First, I assume that the national supervisor has higher auditing costs than is foreseen by in-

ternational standards. The optimal auditing strategy then allows the riskiest banks to use slightly

over-optimistic models, while the least risky banks are asked to use models that are too conserva-

tive. While biased models are used in equilibrium, this is actually a welfare-improving way to reduce

3Under the “tra�c light” approach, banks are required to report one-day 99% value-at-risk measures. Additional
capital charges are imposed if these measures are exceeded more than 5% of the time over a given quarter, and the
penalty increases with the number of exceedances.
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risk-sensitivity and adjust the “one-size-fits-all” Basel ratios to the particularly high auditing costs

of this supervisor.

Second, I consider a national supervisor who neglects the cross-border externalities generated by

a bank’s default and wants to implement lower capital ratios than foreseen by the Basel framework.

The optimal auditing strategy then lets all types of banks use slightly over-optimistic risk models.

In this situation, the use of biased models reduces total welfare.

The paper thus generates di↵erent empirical predictions on the bias of internal models that

can be compared to the empirical literature. These predictions help disentangle possible causes

for the use of biased models. This is important, because the welfare impact of current regulatory

reforms depends on which cause is at the root of the problem. In particular, several tools have been

introduced to put a floor on risk-weights, such as leverage ratios, the Collins amendment in the

United States, or floors based on Basel II’s standardized approach. I show that such tools can be

useful if the national supervisor is biased, but is welfare-deteriorating if she has high auditing costs.

The analysis can be applied to all types of risks that are regulated using internal models (Basel

II and Basel III in banking, Solvency II for insurance companies). More generally, the framework

developed here can also be used to study other situations in which an agent may strategically use

internal models: stress-testing exercises, the assessment of a pool of loans by a credit rating agency,

the compensation of a trader or trading desk based on risk estimates.4 In all these examples, the

problem may not only be model risk but also asymmetric information, a “hidden model” problem.

Related literature. There is a growing empirical literature on banks’ internal risk measures.

The most recent studies aim at showing that the discrepancies observed between the ratings given

by di↵erent banks are compatible with a regulatory arbitrage hypothesis (e.g., Behn, Haselmann,

and Vig (2014) or Plosser and Santos (2014)). My paper is complementary to this literature as

it o↵ers a framework to derive precise implications of this hypothesis. I discuss this literature at

length in 5.1, show that the results of the model are compatible with the stylized facts that emerge

from this literature, and suggest additional testable hypotheses.

On the theoretical side, this paper fits in the literature studying bank regulation as an asym-

metric information problem. Two seminal papers in this area are Chan, Greenbaum, and Thakor

(1992) and Giammarino, Lewis, and Sappington (1993), who study how deposit insurance premia

4The “London Whale” is a good illustration, see for instance “JP Morgan manipulated VAR and CRM models at
London whale unit - Senate report” by D. Wood, Risk Magazine, 15.03.13.
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should be set when the bank is privately informed about risk. In most countries, insurance premia

are not set so as to encourage truthful revelation of risk models, for which regulators use other tools.

I study two of them, namely backtesting and auditing. Still, the backtesting mechanism I propose

can be interpreted as setting deposit insurance premia that depend on the ex-post realization of a

bank’s losses.5

The previous stages of the Basel framework generated a few papers on the regulatory use of

internal models, such as Kupiec and O’Brien (1995), Lucas (2001), Prescott (2004), Cuoco and Liu

(2006), and Marshall and Prescott (2006).6 Cuoco and Liu (2006) study the optimal reaction of a

bank to the penalty mechanism used for backtesting market risk models, and use numerical methods

to show that the threat of future increases in capital requirements has a powerful disciplining

e↵ect. Marshall and Prescott (2006) study optimal penalty mechanisms to make banks report

risk truthfully and propose numerical methods to solve for the optimal mechanism. My setting is

simpler, so as to allow for more analytical results. In particular, I show that such mechanisms can

actually implement the first-best outcome. An additional novelty is that uncertainty is not only

about a single number (e.g., the probability that a bank survives) but about the entire distribution

of a bank’s possible losses (a “risk model”). This approach allows me to introduce asymmetric

information about tail risk in a model of bank regulation, and let it interact with limited liability.7

My auditing framework is similar to the model of Prescott (2004), who establishes the important

results that banks reporting riskier measures should be audited less. This intuition also holds in my

model, but I focus on how the regulator should optimally distort banks’ capital ratios. In particular,

I derive the new result that capital regulation should be made less risk-sensitive to save on the costs

of auditing. I also introduce an analysis of the case in which the supervisor in charge of auditing

does not have control over the capital ratio formula. This is important, as it shows that the use

of biased models that has been documented empirically can be reconciled with optimal auditing by

the supervisor.

The paper is also related to other works on the use of leverage ratios. Kiema and Jokivuolle

(2014) show that such a tool can be useful in the presence of model risk, a situation di↵erent from

5Note that the demand for loans is inelastic in Chan, Greenbaum, and Thakor (1992), so that higher capital ratios
do not imply fewer loans, a concern that seems currently important. Giammarino, Lewis, and Sappington (1993)
study a moral hazard problem in which the regulator can check the quality of a bank’s assets ex post at no cost, an
assumption that applies less well to the issue of internal risk models.

6Some papers have also studied the choice between Basel’s standardized (SA) and internal ratings based (IRB)
approaches, such as Repullo and Suarez (2004), Hakenes and Schnabel (2011) or Feess and Hege (2012), but have not
looked at the strategic choice of risk models inside the IRB approach.

7A few papers have also looked at the regulation of tail risks specifically, but under moral hazard, in particular
Biais et al. (2010), and Perotti, Ratnovski, and Vlahu (2011).
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my setup, in which risk models are not randomly mistaken, but strategically misreported. I derive

empirical implications that help to empirically identify whether such a strategic behavior takes

place. Blum (2008) shows that penalties must be combined with a leverage ratio constraint in a

setup with two types of banks and two levels of losses. I show that with an entire distribution of

losses, penalties are insu�cient only when uncertainty bears on tail risks (a setup with two levels

of losses mechanically features this implicit assumption). Moreover, it is not clear in this more

general setup that a leverage ratio is the optimal regulatory answer. Rather, I illustrate that there

is an inherent di�culty in trying to use the banks’ internal information when some credible models

deliver risk measures that are too low.

This paper finally contributes to the general question of understanding how economic incentives

can a↵ect the decision of agents who develop or rely on statistical models. As markets become

more sophisticated, internal models are increasingly used to communicate information to other

market participants.8 However, the theoretical literature typically neglects this strategic dimension

of model selection.

The remainder of the paper is organized as follows: Section 2 develops the general framework;

I study the optimal regulation using ex-post penalties in 3, and then auditing in Section 4. Section

5 discusses the empirical implications of the model and compares the di↵erent regulatory options

derived in the paper.

2 Framework

I first describe an economy with regulated financial intermediation and asymmetric information

about risk models, and then derive the first-best in this economy.

2.1 Assumptions

Agents and assets. Borrowers need to finance risky projects that can either succeed or fail. A

successful project yields a gross return of r, while a failed project yields 0. A random proportion t

of projects will fail, following a distribution defined below.

A regulated intermediary (or bank) chooses a quantity L to lend to borrowers, and incurs an

e↵ort cost C(L). For tractability, I assume a quadratic cost C(L) = (c/2)L2. The intermediary can

8See for instance Rajan, Seru, and Vig (2014) on the use of risk estimates when selling securitized loans.
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also invest in the safe asset at rate r0. All investments are financed through equity E or deposits

D, that are obtained from external investors. The intermediary is risk-neutral and protected by

limited liability. He has to comply with the regulatory framework in order to collect deposits.

Risk-neutral investors can finance the intermediary, either in the form of equity or of perfectly

insured deposits. Their only alternative is to invest in a safe asset yielding the risk-free rate r0 = 1

with certainty (they cannot lend directly to borrowers).

The regulatory framework is designed by a benevolent regulator maximizing the total sum of

the payo↵s to depositors, borrowers, the deposit insurance fund, and the intermediary.9 As will be

analyzed below, the regulator faces a trade-o↵ between two social costs. On the one hand, bank

losses are costly: if the bank defaults, each unit of losses actually costs 1 + � to society.10 On the

other hand, unmodeled informational frictions make bank equity costly: in order to break even,

equity investors ask for an average return of r0(1 + �) instead of r0.

There are many depositors and borrowers, so that the bank is intermediating between two price-

taking groups of agents. Borrowers generate an elastic demand for funding at rate r, while investors

provide an elastic supply of deposits at rate r0 and of equity at rate r0(1 + �).

Model uncertainty. A family of cdfs {F (., s̃), s̃ 2 [s, s]}, with support over [0, 1], represents the

set of plausible risk models to describe the distribution of t, the proportion of defaulting borrowers.

This family of cdfs indexed by s̃ can be interpreted as one model with di↵erent parameterizations,

or models from di↵erent families. Denote {f(., s̃)} the corresponding pdfs.

The correct risk model, s, is randomly selected by nature in [s, s] according to some cdf  (.),

with associated density  (.). The actual proportion t of defaulting borrowers then follows the

distribution F (t, s), continuously di↵erentiable in both arguments. Moreover, as is customary in the

contract theory literature, I assume that the family {F (., s̃)} satisfies the monotone likelihood ratio

property, which implies in particular that models with a low s give risk estimates unambiguously

more favourable than models with a high s:11

8t0, t1, s0, s1 with t1 � t0, s1 � s0,
f(t1, s1)

f(t1, s0)
� f(t0, s1)

f(t0, s0)
. (MLRP)

9A female pronoun will refer to the regulator, a male pronoun to the intermediary.
10This assumption can model the fact that deposit insurance payouts are socially costly, or that bank defaults are

a source of various negative externalities, as in Repullo and Suarez (2013).
11Families of exponential and Poisson distributions (restricted to the interval [0, 1]) satisfy this assumption, as well

as normal distributions with di↵erent means but the same standard deviation.
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2.2 Regulation under complete information

Total welfare. To understand the problem faced by the regulator, let us first consider the bench-

mark case of a regulator who knows s. She aims at maximizing total welfare. As their demand for

loans is perfectly elastic, borrowers earn a surplus of zero, irrespective of how much they borrow.

Similarly, investors are supplying funds elastically and earn an average return of r0, regardless of

how much they invest in the bank. Thus, we only need to take into account the payo↵s of the

intermediary and the deposit insurance fund.

Note that there is no point in borrowing at r0 and investing at the same rate, so that D = L�E.

For a given proportion of losses t, the bank thus makes a profit of max[0, rL(1 � t) � r0(L � E)].

Denoting ✓ the bank’s default point, defined by rL(1 � ✓) � r0(L � E) = 0, the intermediary’s

expected payo↵ is the integral over [0, ✓] of rL(1� t)� r0(L� E), minus the e↵ort cost C(L) and

the equity cost r0(1 + �)E. Finally, for all t > ✓, the bank defaults and the losses are borne by the

deposit insurer, with a weight 1+�. Summing up these di↵erent terms, we can write the regulator’s

objective function for a given s as:

Z ✓

0
[rL(1� t)� r0(L� E)]f(t, s)dt� C(L)� r0(1 + �)E

| {z }
Intermediary

+ (1 + �)

Z ✓

0
[rL(1� t)� r0(L� E)]f(t, s)dt

| {z }
Deposit insurer

. (1)

Denoting ↵ = E/L the bank’s capital ratio, we can write the bank’s default point ✓ as:

✓(↵) = 1� r0(1� ↵)

r
. (2)

Remarking that rL(1 � t) � r0(L � E) = rL(✓(↵) � t), we can rewrite the regulator’s objective

function (1) as:

V(↵, L, s) = [rE(1� t|s)� r0]L� C(L)� ↵�r0L+ �rL

Z 1

✓(↵)
[✓(↵)� t]f(t, s)dt. (3)

This equation reflects the total economic surplus created by the loans, the cost of financing loans

with equity rather than debt, and the social losses in case of default. To eliminate possible corner

solutions for the first-best, I impose two conditions on the parameters:

�[1� F (✓(0), s)] > � (4)

rE(1� t|s)� r0 > r0�. (5)
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Condition (4) means that the social cost of default � is high enough compared to the social cost of

equity � to ensure that it is never optimal to have zero capital requirements, even under the best

distribution of defaults. Condition (5) imposes that loans are profitable enough to ensure that a

zero level of loans is never optimal, even under the worst distribution of defaults.12 Under these

assumptions, we obtain the following:

Proposition 1. Denote L⇤(s) and ↵⇤(s) the first-best level of loans and capital ratio, respectively,

and ✓⇤(s) = ✓(↵⇤(s)). Under (4) and (5), for a given s, the first-best is characterized by:

� = �[1� F (✓⇤(s), s)] (6)

rE(1� t|s)� r0 = cL⇤(s) + r0↵
⇤(s)� + �r

Z 1

✓⇤(s)
[t� ✓⇤(s)]f(t, s)dt. (7)

In particular, (6) implies that the first-best capital ratio ↵⇤(s) is increasing in s and in �, and

decreasing in �. L⇤(s) is decreasing in s.

Equation (6) pins down the optimal value of capital ratios. Financing loans with an additional

unit of equity dE rather than debt costs r0�dE, but it saves r0�dE when the bank defaults, which

happens with probability 1�F (✓⇤(s), s). The optimal capital ratio equates these two quantities at

the margin. In particular, this implies that the optimal ↵ is such that the bank’s default probability

is the same constant �/�, for any s, which is equivalent to setting a VaR constraint on the bank

and corresponds well to the Basel approach (see Gordy (2000)).13 Once the first-best level of ↵(s)

is known, the optimal level of loans is given by (7). This condition equates the net return on the

marginal loan, on the left-hand side, with the marginal social cost of the loan, which is the sum of

the e↵ort cost for the intermediary, the social cost of the additional capital needed to finance the

loan, and the expected social cost in case of default.

Implementation. I now show that under complete information the regulator can implement

the first-best using two traditional tools: capital requirements imposing that the bank must have

E � ↵L, and a deposit insurance premium ⌧ per unit of deposit.

12The model is easily generalized when these assumptions do not hold: then there are some models for which a
trivial solution obtains, either ↵ = 0 or L = 0, and the analysis is focused on a sub-interval of [s, s] over which the
assumptions are satisfied. If no s satisfies both assumptions, we simply have a trivial economy in which banks should
either never lend or never be subject to capital requirements.

13For instance, the Basel approach for credit risk targets a 99.95% probability that the bank’s capital will be enough
to cover credit losses over one year. In the model, this threshold means that � = 0.5%⇥ �: the social cost of 1 dollar
of bank losses is 200 times higher than the social cost of 1 dollar of equity.
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The deposit insurance contract works as follows. If t > ✓, the bank cannot reimburse its

depositors, and they are reimbursed in full by the deposit insurer. As long as t < ✓, the shareholders

need to pay ⌧ per unit of deposit to the deposit insurer. Note that this implies that when t < ✓

but ✓ � t � ⌧(1 � ↵) < 0, the bank doesn’t have enough to reimburse both the creditors and the

deposit insurer. I am thus assuming that shareholders remain liable for the payment of the deposit

insurance premium as long as t < ✓.14

Under this assumption, the bank’s default point if it is subject to capital requirements ↵⇤(s)

remains ✓⇤(s). Then, if a bank chooses L = L⇤(s) and ↵ = ↵⇤(s), the first-best is implemented.

The Appendix A.3 proves the following result:

Proposition 2. The first-best capital ratio ↵⇤(s) and loan supply L⇤(s) can be implemented by con-

straining the bank to choose a capital ratio E/L larger than ↵⇤(s), and charging a deposit insurance

premium ⌧⇤(s) per unit of deposit satisfying:

⌧⇤(s)[1� ↵⇤(s)]F (✓⇤(s), s) = r(1 + �)[1� F (✓⇤(s), s)]E(t� ✓⇤(s)|t > ✓⇤(s)). (8)

Denoting ⇡⇤(s) the intermediary’s payo↵, we have:

⇡⇤(s) =
1

2c

 
rE(1� t|s)� r0 � r0↵

⇤(s)� � �r

Z 1

✓⇤(s)
[t� ✓⇤(s)]f(t, s)dt

!2

. (9)

Condition (8) guarantees that the bank internalizes the social cost of making a marginal loan.

On the left-hand side, we have the marginal expected payment from the bank to the deposit in-

surance fund: with probability F (✓⇤(s), s), the bank does not default and pays the premium. In

order to lend an additional dL, the bank has to use (1 � ↵⇤(s))dL additional deposits, on which

a per-unit premium ⌧⇤(s) must be paid. On the right-hand side, we have the costs of the addi-

tional loan not otherwise internalized by the bank, namely the bank’s losses when it is in default:

E(t � ✓⇤(s)|t > ✓⇤(s)) is the expected amount of losses conditional on the bank defaulting, times

the default probability, times 1+�, to reflect the additional social costs to the deposit insurer. The

deposit insurance premium thus aligns the bank’s incentives with the social interest.15

14This should be seen as a simplifying technical assumption. One can assume instead that the bank can only pay
⌧ when ✓ � t � ⌧(1 � ↵) > 0, but this implies that the regulator needs to take into account that the bank can now
default because of the payment to the deposit insurer, an e↵ect that doesn’t seem to be very relevant in practice.

15This corresponds to the representation hypothesis view of Dewatripont and Tirole (1994): the regulator acts as
a creditor of the bank, substituting for uninformed and scattered depositors who cannot e�ciently exercise market
discipline.
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Incentives to misreport. Finally, let us check that, in the absence of additional incentives, a

type s intermediary would prefer to report a di↵erent model s0. To see this, write the payo↵ of the

bank when it faces ↵⇤(s0) and ⌧⇤(s0) and the actual model is s as:

u(s0, s) = max
L

L

 
r

Z ✓⇤(s0)

0
[✓⇤(s0)� t]f(t, s)dt� (1� ↵⇤(s0))⌧⇤(s0)F (✓⇤(s0), s)� r0(1 + �)↵⇤(s0)� cL

2

!
.

(10)

The intermediary would voluntarily reveal his type if this expression were maximized in s0 = s. On

the contrary, we observe the following:

Remark 1. It is never optimal for an intermediary of type s to report truthfully. In particular, the

intermediary is at least better o↵ reporting s0 slightly lower than s. The first-best regulation is thus

not incentive-compatible.

This remark is proven in the Appendix A.3. This result is also obtained by Chan, Greenbaum,

and Thakor (1992), who show that a fair deposit insurance premium is not incentive-compatible,

while Giammarino, Lewis, and Sappington (1993) propose a second-best risk-sensitive insurance

premium, that is distorted from the first-best so as to give banks incentives to reveal their risk.

In the next two sections, I will study two alternative solutions to this problem. In particular, the

next section develops a mechanism that can achieve the first-best, and thus does better than the

mechanism of Giammarino, Lewis, and Sappington (1993).16

3 Capital ratios with contingent penalties

In this section, I study a solution to achieve the first-best while also giving the intermediary incen-

tives to truthfully report his model. In order to do so, I allow the regulator to charge penalties to

the bank that depend on the model reported by the intermediary and on the realized proportion of

losses t. These penalties correspond in a stylized way to the mechanism used in the Basel framework

for the regulation of market risk. It is also possible to make the penalties proportional to deposits,

in which case they correspond to a deposit insurance premium that varies with the realized losses

(a bonus/malus insurance system). In both cases, the idea is to have a tool to “punish” the bank

when its internal models suggest little risk and yet high losses realize.

16One reservation here is that Giammarino, Lewis, and Sappington (1993) consider moral hazard on top of adverse
selection, so that the problem is not exactly equivalent. However, Remark 1 also implies that their solution of using
a risk-sensitive deposit insurance premium cannot implement the first-best in my setup either.
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3.1 Reaching the first-best with contingent penalties

I denote T (t, s0) the penalties that the bank has to pay if it reports model s0 and t defaults realize.

I consider the following mechanism:

-Period 0. The regulator specifies a formula linking any model s0 to a capital ratio ↵(s0), a volume

of loans L(s0), and penalties T (t, s0).

-Period 1. The true model s is drawn from  (.) and observed by the intermediary. He can report

any model s0 2 [s, s].

-Period 2. The intermediary invests L(s0), financed by ↵(s0)L(s0) in capital and (1 � ↵(s0))L(s0)

in deposits.

-Period 3. A proportion t of borrowers default, drawn from F (., s). Payo↵s are realized, the

intermediary is charged T (t, s0) on each unit of deposit.

This corresponds to the most general class of direct mechanisms in this setup: for each possible

report s0, the regulator chooses a physical allocation ↵(s0), L(s0), and monetary transfers conditional

on t and s0.17 According to the revelation principle, we can restrict our attention to revealing

mechanisms, such that the intermediary voluntarily reports his actual type s. For given functions

↵, L, and T , define u(s0, s) as the expected payo↵ obtained by a type s intermediary who reports

model s0. Denoting ✓(s0) = ✓(↵(s0)), instead of (10) we now have:

u(s0, s) = L(s0)

Z ✓(s0)

0
r(✓(s0)� t)f(t, s)dt�

Z 1

0
T (t, s0)f(t, s)dt� r0↵(s

0)L(s0)(1+ �)� cL(s0)

2
. (11)

We are looking for a function T that satisfies three conditions. First, we want to implement the

first-best. This imposes the following:

8s 2 [s, s], L(s) = L⇤(s), ↵(s) = ↵⇤(s), u(s, s) = ⇡⇤(s). (FB)

Second, we want T to be such that the mechanism is incentive-compatible, which writes as:

8(s0, s) 2 [s, s]2, u(s, s) � u(s0, s). (IC)

Finally, we need to respect the limited liability constraint of the intermediary: we cannot charge

17The regulator can observe the bank’s volume of loans, its capital ratio, and its losses, or any quantities from which
these variables can be deduced (for instance, t can be deduced from observing ↵, L, and the bank’s payo↵).
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penalties to a bank already in default. For a given loss realization t, the bank’s revenues net of

repayments to depositors can be written as ✓ � t. The required condition is thus:

8s 2 [s, s], T (t, s)  max(✓(s)� t, 0). (LL)

We are thus looking for a function T that satisfies (FB), (IC), and (LL). There are potentially many

such functions, that all implement the first-best, because what matters to the intermediary is only

the expected value of T (t, s0). I consider a particular T that gives the bank a very simple payo↵

profile: when the intermediary reports s0, he receives a constant positive payo↵ ⇡S(s0) as long as

defaults are below some threshold a(s0). If instead t > a(s0), the bank loses all the revenues from the

loans. For an appropriately chosen a(.), this payo↵ profile will give all types of banks the incentives

to report correctly. To find the appropriate level of a(s), define:

⇡D(s) = �cL⇤(s)2

2
� r0(1 + �)↵⇤(s)L⇤(s). (12)

⇡D(s) is the bank’s payo↵ in default: the shareholders lose their investment, the intermediary had

to pay the e↵ort cost, but all the proceeds from the loans are used to reimburse creditors. When

t < ✓⇤(s), the bank still pays the cost ⇡D, but it also gets revenues from the loans, minus penalties

to be paid to the regulator. We want the net payo↵ to be a constant equal to ⇡S(s) if t < a(s), and

to 0 otherwise. This determines T (t, s) as:

T (t, s) =

8
><

>:

L⇤(s)max(✓⇤(s)� t, 0)� ⇡S(s) if t < a(s),

L⇤(s)max(✓⇤(s)� t, 0) if t > a(s).
(13)

Note that T (t, s) thus defined necessarily satisfies (LL). The problem thus boils down to determining

⇡S(s) and a(s) such that (FB) and (LL) are satisfied. (FB) implies that we must have u(s, s) = ⇡⇤(s),

which writes as:

u(s, s) = ⇡D(s) + F (a(s), s)⇡S(s) = ⇡⇤(s)

) ⇡S(s) = ⇡⇤(s)�⇡D(s)
F (a(s),s) . (14)

This condition determines ⇡1(s) for a given a(s): the bank must receive enough surplus when

12



t < a(s) so that on average it receives ⇡⇤(s). Finally, in order to determine a(s), write:

u(s0, s) = ⇡D(s
0) + F (a(s0), s)⇡S(s

0) = ⇡D(s
0) +

F (a(s0), s)

F (a(s0), s0)
(⇡⇤(s0)� ⇡D(s

0)). (15)

Condition (IC) requires that, for any s, u(s0, s) is maximized in s0 = s. The first-order condition

u1(s, s) pins down the value of a(s). However, extra conditions are needed to make sure that there

exists a unique such value and that it corresponds to a maximum. I will assume the following

su�cient conditions:

8s 2 [s, s], lim
t!0

F2(t, s)

F (t, s)
<

⇡⇤0(s)

⇡⇤(s)� ⇡D(s)
, and

d

ds

F2(t, s)

F (t, s)
<

d

ds

⇡⇤0(s)

⇡⇤(s)� ⇡D(s)
. (DM)

I call (DM) a condition of “distinguishable models”. Indeed, F2(t, s)/F (t, s) measures the propor-

tional change of F (t, s) when the parameter s of the distribution varies. The idea of the mechanism

is to find penalties T (t, s) whose expected value is lowest when the true model is s, and higher oth-

erwise. However, the penalties must also be such that the intermediary receives ⇡⇤(s) on average.

If ⇡⇤ varies a lot with s, T (t, s) must vary with s so as to respect (FB), leaving less room to adjust

it so as to respect (IC). Condition (DM) requires that the probability distributions corresponding

to the di↵erent models s react more strongly to a change in s than the first-best profit: the models

are su�ciently distinct from each other.18

Proposition 3. If (DM) holds, T (t, s) as defined by (13) and (14) is incentive-compatible, imple-

ments the first-best, and respects limited liability, with a(s) defined by:

F2(a(s), s)

F (a(s), s)
=

⇡⇤0(s)

⇡⇤(s)� ⇡D(s)
. (16)

In particular, a(s) is increasing in s.

This proposition illustrates the power of backtesting the bank’s model ex post. Under the

proposed mechanism, a bank reporting a low s receives a high payo↵ if it su↵ers few losses, and zero

otherwise, even if it’s not in default. The more conservative the model reported by the bank, the

higher the amount of losses it can su↵er before being given a zero payo↵. The bank is thus penalized

when the observed losses are unlikely given the model it reported. With well-chosen thresholds,

the bank is given the incentives to report its type truthfully, while all quantities are equal to their

18In the Appendix, I rewrite (DM) using the endogenous values of ⇡⇤(s) and ⇡D(s), which gives a condition that
depends only on the family of distributions F (t, s).
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first-best levels.

Fig. 1 gives an example.19 The top panel shows the expected payo↵ u(s0, s) an intermediary

receives if the true parameter is s and he reports s0. The mechanism is designed so that the

maximum payo↵ is obtained for s0 = s. The bottom panel shows a plot of a(s) compared to ✓⇤(s):

levels of losses t 2 [a(s), ✓⇤(s) are those in which the bank is penalized by a zero payo↵.

3.2 Discussion: limits of contingent penalties

Backtesting is a powerful way to control the incentives to report a wrong model. As already

mentioned, the regulation of banks’ internal models for market risk already uses such a mechanism.

In principle, there is no reason why credit risk models could not be backtested in a similar way.

Indeed, the recent empirical papers that show the bias of internal measures of credit risk perform

exactly such a test (see Section 5.1). The regulator could do the same on a systematic basis, and

commit on penalties for banks that fail the test.

Another advantage of the backtesting mechanism is that it can be adapted to many payo↵

profiles that the regulator may want to give to the bank. Indeed, in Proposition 3, ⇡⇤(s) can be

replaced by any other profit function, as long as it satisfies (DM). For instance, an early concern

of the BCBS was to incentivize banks to choose the IRB approach rather than the standardized

approach (see, e.g., Feess and Hege (2012)). This concern can be modeled as a type-dependent

participation constraint: the mechanism must give each type s a payo↵ at least equal to the payo↵

⇡SA(s) this type would obtain under the standardized approach. The proposition directly applies

to such a case as well, replacing ⇡⇤ with ⇡SA.

One important limitation of contingent penalties is the shape of the family of models about

which the regulator wants to extract information from the intermediary. An advantage of the

modeling approach of this paper is to explicitly represent the intermediary as having information

on a probability distribution, so that we can test whether it is easier to extract information on certain

distributions rather than others. To give an example, consider a case in which model uncertainty is

focused on tail risk.20 We can model this situation in a stylized way by assuming that the di↵erent

models are perfectly equivalent up to a given level of defaults:

9t̂ 2 [0, 1] s.t. 8(s, s0) 2 [s, s]2, 8t < t̂, f(t, s) = f(t, s0). (UM)

19The parameters for all figures are given in A.7. They are meant for illustrative purposes.
20This is a relevant case in practice: for low levels of risk there is a lot of historical data to calibrate di↵erent models,

such that they tend to deliver similar predictions, while for extreme levels data is much more sparse. A recent paper
by Danielsson and Zhou (2016) shows a practical example of this issue.
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Figure 1: Incentive-compatible transfers. The top panel plots u(s0, s). The bottom panel plots a(s)
and ✓⇤(s) as a function of s.
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Assumption (UM) is an extreme case in which (DM) is violated: Instead of being easy to distinguish,

the di↵erent models are undistinguishable below a threshold level of losses t̂. They thus di↵er only

in the tail on the right of t̂. The Appendix A.4 proves the following:

Remark 2. Under (UM), if ✓⇤(s)) < t̂, then any mechanism satisfying (FB), (LL), and (IC)

involves bail-outs: there exists s and t > ✓⇤(s) such that T (t, s) < 0.

The intuition for this remark is simple. In order to prevent a type s intermediary to report

the lowest risk measure s, we need to penalize him when levels of losses t realize that are unlikely

if model s is correct. Under (UM), only observations t higher than t̂ can be used: since there is

uncertainty only in the tails, all non-tail events have the same likelihood according to all the models

available. If the type s intermediary reports s, he receives capital requirements such that the bank

defaults for t < ✓⇤(s)) < t̂. As a consequence, the bank is always already in default when a tail

event t > t̂ realizes, and cannot be punished due to limited liability. Instead, the regulator needs to

“reward” banks su↵ering high losses when they reported high risk measures, which automatically

involves bailing out truthful but unlucky banks.

There are several options for the regulator in such a situation. The first possibility is to take

the Remark at face value and adjust the resolution of a bank to the conservativeness of its self-

reported risk measures. This should be done is such a way that the shareholders of a defaulting

bank receive some residual payment if the regulator was warned about risks in advance, but nothing

otherwise (see Harris and Raviv (2014) for a similar argument). Note that the costs of the bail-out

are compensated by a payment from the bank when low levels of losses realize.

A second possibility is to not use bail-outs, and tolerate distortions from the first-best to ensure

incentive-compatibility. The regulator can for instance reduce the penalties such that each type s

of intermediary receives ⇡⇤(s) if he reports correctly, instead of ⇡⇤(s). The bank is then making too

much profit on its loans, which is costly to public funds and might cause additional distortions in a

richer setup. The regulator can also change the function ↵, so that no type s has ✓(↵⇤)(s) < t̂. The

distortion is then that good types of intermediaries have too high capital ratios, which is socially

costly when � > 0. The optimal mechanism under (UM) and the additional constraint that bail-

outs are not allowed has to balance these ine�ciencies. While it is not possible in general to solve

analytically for such an optimum, a regulatory authority may still be able to solve the problem

numerically in a specific application, using for instance the methods developed in Marshall and

Prescott (2006).

16



Finally, under (UM), the fundamental di�culty of punishing the bank ex post may imply that

it is more robust to try to discourage the bank from reporting biased model at the ex ante stage.

The next section studies an auditing mechanism that does not rely on the ex-post observation of t.

4 Capital ratios with supervisory auditing

While a penalty mechanism has been used since the 1996 Amendment to the Basel capital accord for

the estimation of market risks, the current approach for credit risk does not use such a mechanism.

There is now evidence that internal ratings produced by banks have significant biases. To better

understand the source of this bias and the distance between a regulation implementing the first-best

and the current approach, I now consider a realistic model of the current regulatory framework for

credit risk, relying on auditing and regulatory approval of internal models.

4.1 Full information capital ratios and incentives to misreport

To focus on auditing as the single tool to elicit the use of correct risk-models, from now on I assume

that the deposit insurance premium ⌧ is given and constant, both in t (no contingent penalties) and

also in s. Without loss of generality, I assume ⌧ = 0.21 The regulator only chooses the function ↵

mapping the bank’s model to a capital ratio, and an auditing strategy.

Regulatory objective. We want to derive the objective function for the regulator when she

doesn’t use a risk-sensitive premium. She needs to take into account that the choice of a capital

ratio ↵ now determines how much the intermediary lends. Indeed, according to the Appendix A.3,

a type s intermediary facing a capital ratio ↵ and ⌧ = 0 chooses L(↵, s) such that:

cL(↵, s) =

Z ✓(↵)

0
[r(1� t)� r0(1� ↵)]f(t, s)dt� ↵(1 + �)r0, (17)

cL1(↵, s) = �r0[1 + � � F (✓(↵), s)] < 0. (18)

The second equation implies that higher capital ratios make loans more expensive in capital and

increase the cost of lending, which reduces the volume of loans. Due to the shape of the cost function

21Indeed, in the relatively few countries in which premia are risk-based, they depend on risk-weighted assets and
thus only strengthen the incentives to use optimistic models (see Demirguc-Kunt, Kane, and Laeven (2014)). A
number of deposit insurance schemes are funded ex post and do not charge premia ex ante, while some pre-funded
schemes do not collect premia when the fund is su�ciently capitalized.

17



C(L), the intermediary’s profit can then be expressed as:

⇡(↵, s) =
cL(↵, s)2

2
. (19)

The regulator aims at maximizing total welfare by choosing the appropriate ↵. I define W(↵, s) the

total welfare as a function of ↵ and s. After rearranging, we have:

W(↵, s) = V(↵, L(↵, s), s) = ⇡(↵, s) + rL(↵, s)(1 + �)

Z 1

✓(↵)
(✓(↵)� t)f(t, s)dt. (20)

This equation reflects that total welfare can be written as the intermediary’s profit, plus the total

losses from the loans when the intermediary defaults. Appendix A.5 proves the following:

Lemma 1. The marginal welfare gains of higher capital requirements increase in s, W12(↵, s) > 0.

Defining ↵F (s) as:

↵F (s) = max
↵

W(↵, s), (21)

the shape of W implies that ↵F (s) is increasing in s.

The capital ratio ↵F (s) is the one that the regulator would implement if she had full information

about s, similarly to ↵⇤(s) in Section 2.2. The only property of ↵F (s) that will matter in this section

is that it has to be increasing in s. Any other welfare criterion leading to this property would yield

similar results on auditing.

Incentives to misreport. To understand the regulator’s optimal policy, it is useful to consider

the intermediary’s incentives to report a false model. If the bank’s capital ratio ↵ is a function ↵(s0)

of the reported model s0, the marginal incentives to misreport can be measured by how much extra

profit a type s intermediary would obtain with a slightly lower model s � ds, a quantity I denote

MI(s). As will be apparent below, it is also important to consider the proportional incentives to

misreport, that is how large is IM(s) compared to the intermediary’s profit if he reports correctly.

I denote this latter quantity PI(s). Formally, we have:

MI(s) = �↵0(s)⇡1(↵(s), s), P I(s) = �↵0(s)
⇡1(↵(s), s)

⇡(↵(s), s)
. (22)

Di↵erentating with respect to di↵erent variables yields the following observations:

Remark 3. -1. MI(s) depends negatively on ↵(s).
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-2. MI(s) depends positively on ↵0(s).

-3. PI(s) depends positively on s, holding ↵(s) and ↵0(s) constant.

Point 1 comes from the convexity of the profit function in ↵: increasing leverage is more profitable

for banks that already have a high leverage and default probability. Point 2 means that implementing

capital requirements ↵(.) that are very sensitive to risk, that is with a high ↵0(s), necessitate a lot

of auditing and are very costly. Finally, an intermediary with more risk, a higher s, does not

necessarily have higher incentives to misreport at the margin. However, because his profit is also

smaller, his proportional incentives to misreport are higher. This last property plays a key role in

the optimal auditing scheme.

4.2 Second-best capital ratios with auditing

I now study how the regulator can elicit the revelation of the intermediary’s model s through audit-

ing, and how she optimally chooses to distort capital requirements away from the full-information

optimum ↵F . The auditing mechanism I consider works as follows:

-Period 0. The regulator specifies a formula linking any s0 to a capital ratio ↵(s0) and an audit

probability p(s0).

-Period 1. The true model s is drawn from  (.) and observed by the intermediary. He can report

any model s0 2 [s, s].

-Period 2. With probability p(s0), an audit takes place, which costs  to the regulator. The reg-

ulator learns the actual s. If s0 6= s, the bank is closed and its shareholders receive a zero payo↵.

-Period 3. If the bank was not closed in Period 2, the bank invests L(↵(s0), s) and thus receives

an average profit of ⇡(↵(s0), s).

This is a random auditing mechanism, with perfectly informative auditing.22 Note that closing

the bank corresponds to imposing the largest possible penalty on an intermediary caught misre-

porting. This is not an assumption, but a well-known property of an optimal auditing mechanism,

called the maximum punishment principle (Baron and Besanko (1984)).

Applying the revelation principle, we need to solve for the functions ↵ and p that maximize

expected welfare net of auditing costs, and such that each type of bank reveals its model truthfully.

Reporting truthfully yields ⇡(↵(s), s) for a type-s bank, against (1� p(s0))⇡(↵(s0), s) if it reports a

22Also known as costly state verification (Townsend (1979)). As discussed in the introduction, this model builds on
Prescott (2004). The new results pertain to how the regulator optimally chooses to distort ↵ from ↵F .
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di↵erent model s0 instead. In order to obtain truthful revelation, we need:

8(s, s0) 2 [s, s]2, 1� p(s0)  ⇡(↵(s), s)

⇡(↵(s0), s)
. (IC2)

The regulator then faces the following program:

(↵A, pA) = argmax
↵,p

Z s

s
[W(↵(s), s)� p(s)] (s)ds, s.t. (IC2). (23)

Equation (23) reflects both the welfare impact of capital ratios, and the auditing costs necessary to

maintain incentive-compatibility. I call ↵A and pA that solve the program the second-best capital

ratios and audit probabilities. If  = 0, all models can be audited with probability 1 at no cost, and

the regulator simply implements ↵A(s) = ↵F (s) for any s. The main results of this section bear on

how the constraint (IC2) implies that ↵A(s) is distorted away from the full-information benchmark

↵F (s). There are two main distortions at play, in opposite directions:

- Type s should not misreport: First, the regulator must ensure that any type s prefers reporting

s rather than some lower value s0 and obtain lower capital requirements. As is clear from (IC2),

lowering ↵(s) gives more profit to s if he reports correctly, and thus weakens his incentives to report

s0. Choosing ↵A(s) < ↵F (s) thus lowers the cost of auditing model s0.

- Type s should not be mimicked: Second, the regulator must ensure that no type s0 prefers

reporting s rather than s0. That is, we must have [1�p(s)]⇡(↵(s), s0)  ⇡(↵(s0), s0) for any s0. Now,

increasing ↵(s) gives less profit to s0 if he reports s, and thus weakens the incentives to wrongly

report s. Choosing ↵A(s) > ↵F (s) thus lowers the cost of auditing model s.

These two e↵ects are the fundamental forces behind the optimal mechanism. In particular, they

imply the following result:

Lemma 2. min↵A � ↵F (s) and max↵A  ↵F (s): the optimal capital requirements react less to

risk on average than under full information.

The detailed proof is in the Appendix A.6, but the intuition is simple. If the regulator implements

↵F (s) for all s, then the high-risk types have very high capital ratios, and the low-risk types very

low ones. An intermediary with a high s thus has strong incentives to lie and pretend his type

is much lower. To ensure incentive-compatibility, the regulator needs to audit the low s models a

lot, which is costly. To save on auditing costs, she can instead simultaneously increase ↵(s) for low

values of s, and decrease ↵(s) for high values of s. Capital ratios are thus less risk-sensitive than
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under full information. In the limit, if  is infinite, auditing cannot be used at all and the only way

to satisfy (IC2) is to have a constant ↵, that is, abandon risk-sensitivity.

Solving the program (23) is in general complicated because the incentive-compatibility constraint

(IC2) does not bind locally (see, e.g., Fagart and Souam (1999)). Indeed, there is no point for a

type s intermediary to report s�ds and face the threat of receiving a zero payo↵ if he is audited for

only a marginal increase in profit if he is not. However, in this particular application, it is possible

to go further because we know that s is always the type with the highest incentives to misreport

(point 3 of Remark 3).23 The Appendix A.6 shows:

Lemma 3. The highest type s has the highest capital ratio, max↵A = ↵(s), and the highest pro-

portional incentives to misreport, so that:

(IC2) , 8s 2 [s, s], 1� p(s)  ⇡(↵A(s), s)

⇡(↵(s), s)
. (24)

To ensure incentive-compatibility, it is thus necessary and su�cient to check that type s prefers

reporting correctly to reporting any other model, which is a much easier condition to study than

(IC2). This condition has an additional implication. If s is the only type with the highest capital

ratio ↵A(s), then by marginally reducing ↵A(s) the regulator would incur a welfare loss only when

s realizes, but save on auditing costs for all the other realizations of s, and would thus be better

o↵. Thus, there has to exist an interval [ŝ, s] such that all types over this interval receive the same

capital ratio ↵ = ↵A(s).

Given these observations, the regulator’s program (23) can be reexpressed as:

(↵A,↵, ŝ) = argmax
↵,↵,ŝ

Z ŝ

s


W(↵(s), s)� 

✓
1� ⇡(↵, s)

⇡(↵(s), s)

◆�
 (s)ds+

Z s

ŝ
W(↵, s) (s)ds. (25)

Finally, we obtain the following:

Proposition 4. The second-best capital ratios ↵A and auditing probabilities pA take the form:

↵A(s) =

8
><

>:

↵(s) if s  ŝ

↵ if s > ŝ.
, pA(s) =

8
><

>:

1� ⇡(↵,s)
⇡(↵(s),s) if s  ŝ

0 if s > ŝ.
(26)

23This property also holds in Prescott (2004).
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with ↵,↵, and ŝ characterized by:

8s 2 [s, ŝ], W1(↵(s), s) = ⇡1(↵(s),s)⇡(↵,s)
⇡(↵(s),s)2 (27)

R s
ŝ W1(↵, s) (s)ds = �

R ŝ
s

⇡1(↵,s)
⇡(↵(s),s) (s)ds (28)

↵ = ↵(ŝ). (29)

The proposition characterizes the second-best with auditing. The first-order conditions (27)-

(29) reflect the trade-o↵ between implementing capital ratios cose to the full-information case ↵F ,

and saving on auditing costs. In particular, we have:

Corollary 1. There exists a threshold s̃ > ŝ such that all types s below s̃ have higher capital ratios

than under full information, ↵A(s) � ↵F (s), while all types s above s̃ have lower capital ratios than

under full information, ↵A(s)  ↵F (s).

Capital ratios are increasing in s, but less quickly than under full information. More generally,

the sensitivity of capital ratios to internal models decreases with the auditing cost , ↵0
A(s) in

decreasing in .

The Corollary is illustrated by Figure 2, which plots the optimal ↵A(s) for di↵erent values of ,

with ↵A(s) = ↵F (s) when  = 0. The Corollary derives directly from the two distortions explained

above. Low s types have weak incentives to report a more optimistic model, but higher types

benefit from imitating them. Hence, it is optimal to distort their capital ratios upwards, to limit

this incentive. Conversely, high s types are not mimicked by others, but have a strong incentive to

misreport, which can be decreased if they are given lower capital ratios. The combination of both

forces implies that the regulator optimally makes capital ratios less sensitive to the intermediary’s

internal model in order to save on auditing costs. When auditing costs are higher, she makes capital

ratios closer to being flat in s.

4.3 Auditing with exogenously given capital requirements

In practice, the auditing policy and the capital ratios are not determined by the same entity.

Auditing is done by national supervisors, whereas in many countries capital ratios follow the Basel

guidelines, agreed upon at the supranational level. The reason why supranational agreements on

capital ratios are necessary is precisely that the national and the supranational optima do not

necessarily coincide. If the ↵A derived in the previous section maximizes welfare according to
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Figure 2: Second-best capital ratios with auditing. The blue line corresponds to the capital require-
ments ↵F (s), when auditing is costless. The red line plots the capital requirements of Proposition 4 with
auditing costs equal to  = 0.0001, and the green dotted line uses  = 0.00015.

supranational authorities, it may not correspond to domestic policy objectives, and hence a national

supervisor may choose an auditing strategy di↵erent from pA.

In this section, I model such a situation by assuming that supranational regulation imposes the

capital requirements ↵A, but the national supervisor is free to choose the auditing probabilities

p. The national supervisor considers a cost of default �̂ and an auditing cost ̂, both potentially

di↵erent from their supranational counterparts � and . I consider two possible di↵erences between

the national and the supranational level:

̂ = , �̂ < � (FR)

̂ > , �̂ = �. (UR)

Assumption (FR) corresponds to a free-riding regulator. The social cost of a bank’s losses �

may include spill-overs to foreign countries, which are not necessarily internalized by the national

supervisor who instead considers �̂ < �. This is a typical reason why international agreements

on capital are necessary in the first place. Assumption (UR) corresponds to an underfunded

regulator, for whom conducting audits is more costly than is foreseen by international authorities.24

24These assumptions admit other interpretations. For instance, (FR) can also model a regulator trying to favor
domestic banks against foreign competitors, as in Acharya (2003). Assumption (UR) can also model a country in
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I denote (↵FR, pFR) and (↵UR, pUR) the favorite mechanisms of both types of regulators if they could

freely choose ↵.

Regarding the free-riding regulator, (↵FR, pFR) is the solution described in Proposition 4 when

the social cost of default is �̂ instead of �. An immediate implication from the Proposition is that

↵FR(s)  ↵A(s) for any s: the regulator would like to implement lower capital requirements than is

recommended by international standards. For the underfunded regulator, (↵UR, pUR) is the solution

described in Proposition 4 when the cost of auditing is ̂ instead of . According to Corollary 1,

this implies that ↵UR(s) > ↵A(s) for small values of s, and ↵UR(s) < ↵A(s) for high values of s.

The key observation of this section is that the underfunded regulator can actually implement

his favorite outcome, while still respecting the letter of the international agreements. To see this,

consider the following mechanism. A bank of type s uses a model �(s) potentially di↵erent from

s, which is sent to the regulator, who audits the model with some probability p(�(s)). When the

bank is audited, the regulator learns the actual s. If ↵A(�(s)) = ↵UF (s), then the bank is allowed

to operate with a capital ratio of ↵UF (�(s)). Otherwise, the bank receives a zero payo↵. Clearly,

this mechanism exactly replicates the payo↵s of the mechanism (↵UF , pUF ). Hence, it is optimal.

Here the national supervisor can simply bypass the supranational capital ratios by approving

slightly over-optimistic models for high s intermediaries, and requiring slightly over-pessimistic

models for low s intermediaries. As a consequence, even though the national supervisor is formally

satisfying its international commitments, it is in e↵ect implementing a less risk-sensitive regulation

than is foreseen at the international level. Intermediaries are then using voluntarily biased models

in equilibrium. Nevertheless, the revelation principle still holds, and the supervisor is aware of the

bias.25

The situation is similar for the free-riding regulator. However, she cannot give banks capital

ratios below ↵A(s), even though from her point of view they would be optimal for some low types.

The best she can do is to implement ↵̃FR(s) = max(↵FR(s),↵A(s)).26

In both cases, we obtain a prediction regarding the observed bias between the actual s and

the reported model �(s). Since �(s) is defined by ↵A(�(s)) = ↵UR(�(s)) in one case and �(s) =

↵̃FR(�(s)) in the other, the properties of ↵UR and ↵FR directly imply the following:

Remark 4. - Under (FR), all banks report over-optimistic models: �(s) < s.

which bankers are particularly skilled relative to regulators, as in Bond and Glode (2014).
25See Lacker and Weinberg (1989) on how “lying” and the revelation principle can be reconciled.
26That ↵̃FR(s) is optimal is not obvious, and comes from the fact that s is the type with the highest incentives to

misreport. If this were not the case, the types s for which ↵FR(s) < ↵UR(s) would have higher incentives to misreport
when the regulator needs to comply with international agreements, so that the optimal solution would change.
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- Under (UR), then the most risky banks report over-optimistic models (�(s) < s), whereas the

least risky banks report over-pessimistic models (�(s) > s).

Figure 3 illustrates the Remark and shows how reported models are biased. As the black line

corresponds to truthful reporting, points below the black line correspond to over-optimistic models,

while points above the black line correspond to over-pessimistic ones.

These two implications empirically distinguish between two di↵erent explanations. In the first

case, we observe wrong models in equilibrium because there is an agency problem between the local

regulator and the supranational objective. The free-riding regulator uses his discretion to approve

internal models to implement capital ratios that are in e↵ect lower than envisioned by the interna-

tional guidelines, even though they are formally compliant. In the second case, the reason why we

observe wrong models in equilibrium is that auditing is more costly than foreseen by international

standards, so that the regulator optimally tolerates models that lead to less risk-sensitive capital

ratios. Both problems call for di↵erent solutions.

s 0.018 0.021 0.025 s
s

0.018

0.021

0.025

s

σ(s)

σ(s) under (UR)

σ(s) under (FR)

σ=s

Figure 3: Models reported by the di↵erent types of intermediaries, with either a free-riding

regulator and an underfunded regulator. The black line is the 45 degree line and corresponds to truthful
reporting. The blue line plots �(s) under (FR), a regulator with �̂ < �. The red dashed line plots �(s) under
(UR), a regulator with ̂ < .

Policy response: the use of leverage ratios. As a response to the evidence accumulating

against internal risk weights, international authorities have considered using a risk-insensitive capital
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constraint, a leverage ratio, on top of risk-weighted capital requirements. Such a measure has

di↵erent consequences depending on whether the source of the problem is (FR) or (UR).

Assume that, in addition to model-based capital regulation, there is a risk-insensitive constraint.

Formally, there is a minimum ratio ↵ that a bank has to satisfy, regardless of the model it uses. I

focus on the case in which this minimum is binding for either type of national supervisor, that is

↵ > ↵A(s) and ↵ > ↵UR(s). Following the same reasoning as in the case (FR) of Remark 4, we

know that under (FR) or (UR), the regulator will be able to implement ↵̃FR(s) = max(↵FR(s),↵)

or ↵̃UR(s) = max(↵UR(s),↵), respectively. We deduce the following:

Remark 5. Under (UR), a leverage ratio necessarily hurts welfare. Under (FR), there is an optimal

level of ↵ > ↵F (s) that maximizes total welfare.

This remark shows that the welfare consequences of a leverage ratio crucially depend on the

source of the wedge between the national supervisor and the supranational regulation.

When (UR) holds, the national supervisor has higher auditing costs than foreseen by the in-

ternational regulation. However, his objective function is perfectly aligned with total welfare (no

externalities). Although the regulator lets banks report wrong models in equilibrium, this is actu-

ally an optimal solution to the “one-size-fits-all” nature of the international regulation, that doesn’t

take into account the high auditing costs of the country we are considering. As the regulator is in

e↵ect implementing the second-best, adding a binding constraint such as a leverage ratio can only

hurt welfare.

Instead, under (FR), the national supervisor is biased downwards, and implements capital ratios

that are too low to maximize total welfare (that is, including cross-border externalities). In par-

ticular, absent a leverage ratio, there exists s1 such that all types in [s, s1] have the lowest capital

ratio ↵F (s). Consider a leverage ratio ↵ > ↵F (s). All the types in [s, s1] now face the higher ratio

↵. For the types near s, this worsens the situation as they have ↵F (s) > ↵, while for the types near

s1 welfare increases. With a su�ciently small ↵, the latter e↵ect necessarily dominates the former,

so that total welfare increases.

5 Discussion

5.1 Empirical implications

While it is in general di�cult to derive empirical predictions from an analysis of optimal regulation,

the framework of Section 4.3 is a stylized but realistic representation of the incentives banks face
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when choosing their risk models. I briefly compare my results to the growing empirical literature

on banks’ internal risk estimates.

Various studies by the Basel Committee and the European Banking Authority (BCBS (2013a),

BCBS (2013b), EBA (2013)) show the dispersion across banks of risk weights based on internal

models. A more precise result is obtained by Firestone and Rezende (2013), who exploit data on

syndicated loans to show that banks report di↵erent risk parameters (in particular LGDs) for loans

to the same firm, leading to di↵erent capital requirements. Going beyond dispersion, studies on

market risk models show that VaRs reported for market risk are typically biased. VaRs appeared

to be too conservative before the crisis (Berkowitz and O’Brien (2002) and Pérignon and Smith

(2010)), and too optimistic during (Colletaz, Hurlin, and Perignon (2013)).

While these various studies document a problem with the accuracy and reliability of risk-weights

based on internal models, they cannot identify the cause of this problem.27 Even systematic biases

in risk estimates may come from mistakes: It is in the nature of tail events that their probability is

underestimated when only small samples are available. This paper o↵ers a new avenue to test the

hypothesis that the selection of risk models reacts to regulatory incentives. In particular, under the

null assumption that these incentives play no role, internal risk measures should not react to the

variables mentioned in Remark 3. Conversely, observing correlations with the signs predicted by

this Remark is di�cult to explain if models are not strategically chosen. Recent empirical papers

have explored the determinants of risk estimates heterogeneity, with results broadly consistent with

the implications of the model.

First, there is evidence that misreporting of risk is more of a concern for poorly capitalized

banks, as predicted by Point 1 of Remark 3, see for instance Mariathasan and Merrouche (2014),

Begley et al. (2014), Behn, Haselmann, and Vig (2014), and Plosser and Santos (2014). However,

the model clearly shows that the bank’s capital ratio is not exogenously given. In particular, banks

with a lower risk are given lower capital requirements in the model, which may go in the other

direction. It is thus important in the empirical analysis to control for such e↵ects.28

Second, and supporting Point 2 of Remark 3, Behn, Haselmann, and Vig (2014) find evidence of

strategic behavior for portfolios of loans with low PDs, precisely those for which capital requirements

27For instance, Firestone and Rezende (2013) explain how di↵erent banks may genuinely have di↵erent LGDs when
lending to the same firm.

28The model can be extended to include banks that already have enough capital to satisfy their capital requirements.
Then, if capital requirements increase in such a way that a bank that used to be unconstrained now needs to find
extra capital, its misreporting incentives increase. This is in line with the observation of Hendricks et al. (2013) that
U.S. mortgage-servicing banks reacted to the announcement of Basel III by manipulating regulatory inputs.
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react a lot to PD estimates. Interestingly, Plosser and Santos (2014) find the opposite result using

syndicated loan data from the U.S. market. They note that larger biases in reported PDs are

necessary to achieve the same reduction in risk-weights when loans are riskier. The evidence in

Behn, Haselmann, and Vig (2014) suggests that the costs of misreporting depend on the PDs, while

the evidence in Plosser and Santos (2014) suggests that they depend on the achieved risk-weights.

Di↵erent banking supervisors may well have di↵erent auditing practices in this regard, explaining

these di↵erent results.

Finally, some papers find results corresponding to the predictions of Corollary 1. Mariathasan

and Merrouche (2014) provide evidence that banks switching to the IRB approach are more likely

to improve their capital ratios when they are less tightly supervised, as measured by indices of

supervisory independence. This is what happens in the model under assumption (FR), interpreting a

less independent supervisor as one with a lower �̂. Vallascas and Hagendor↵ (2013) show empirically

that risk-weighted assets are only weakly correlated to market measures of risk and that capital

requirements are not very risk-sensitive, which is what is obtained when a regulator has high auditing

costs (for instance, under (UR)).

5.2 Policy implications

The regulatory community has only recently reacted to the possibility that internal models are used

by undercapitalized banks to bypass regulatory constraints (see, e.g., BCBS (2013c), p. 15). Many

of the policy options currently discussed to improve the credibility of Basel’s pillar I amount to

an increase in ↵ in Section 4.3: Higher capital requirements under Basel III, “Basel I floors”, the

Collins amendment in the United States, provisions for model risk, higher regulatory multipliers

and leverage ratios, for instance.29 The next update of the Basel framework is expected to go even

further in this direction.

Yet, the precise problem these various provisions are trying to solve is usually not made explicit.

This paper proposes a theory explaining the use of biased internal model in equilibrium. Moreover,

the welfare consequences of various regulations can be analyzed. I briefly discuss the main policy

conclusions one can draw from the model.

Ultimately, this paper attributes the use of biased models to the incentives of national supervi-

sors. The initial objective of the Basel framework was to remove discretion of national authorities

over the level of capital ratios. As observed by Rochet (2010), the opaque treatment of internal

29Lesle and Avramova (2012) give a useful overview of the policy options and associated trade-o↵s.
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models gives this discretion back to national supervisors. In the model, the national supervisor can

allow biased models to be used either if auditing is particularly costly, or if she is too lenient with

the bank. Recent evidence of the latter problem is o↵ered in Agarwal et al. (2014), but the former

may be important as well. Further work on empirically distinguishing these two assumptions would

be very valuable in the policy debate. In particular, Remark 4 suggests to look at whether internal

models are all systematically biased towards more optimistic risk measures, or whether some of

them are also biased in the opposite direction.

The problem of supervisory incentives makes the contingent penalties of Section 3 appear even

more attractive. Indeed, they depend only on the risk measure reported by the bank and the losses

it su↵ers, and give much less discretion to supervisory authorities than an auditing mechanism.

Moreover, the higher levels of capital mandated by Basel III may make it easier to detect and

punish misreporting banks before they default. Of course, this does not imply that the current

mechanism used for market risk is optimal. In particular, it seems to not penalize enough the

realization of extreme tail events.30

Without such a mechanism, it is necessary to ensure that supervisors have the means and the

incentives to properly audit internal models. The new Single Supervisory Mechanism implemented

in the Euro area could be a major change in this regard, as it can potentially both give supervisors

more power to audit internal models and ask supervisors to internalize more the costs of a bank’s

default.

As a last resort, Remark 5 shows that a leverage ratio can also be helpful, but only if supervisors

are biased towards excessively low capital ratios. A way to think about this instrument is that it

limits the discretion of the national supervisory authority. In the presence of an agency problem

between the supranational and the national level, such a limit can typically be part of the optimal

mechanism.31

6 Conclusion

A model-based regulation exploits banks’ better information about their own risks to compute

capital ratios. However, this information is private, and banks cannot be expected to develop

unbiased models if they face incentives to do otherwise. The process of adoption of new models

may then be biased towards more “profitable” models.

30See Colletaz, Hurlin, and Perignon (2013) for evidence on this problem and a policy proposal.
31See Alonso and Matouschek (2008) for this general theoretical point.
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This paper develops a theory of how biased models are used in equilibrium, even when models are

subject to supervisory audits. In particular, I show that internal models will be biased in di↵erent

ways depending on the incentives of the supervisor, and more precisely on the wedge between the

supervisor’s optimal capital ratios and the ratios prescribed by the Basel framework. The model

also allows to analyze the impact of the use of biased models on welfare, as well as the consequences

of policy proposals, such as leverage ratios.

In its first 20 years, the Basel framework gradually moved towards more risk-sensitive capital

ratios, making more use of internal risk measures. International regulatory authorities have started

reversing course with Basel III, which includes a non risk-weighted ratio, and seem to consider going

further in this direction.

From the perspective of this paper, the risk is to throw away the baby with the bath water, and

lose the benefits of a risk-sensitive regulation.32 A more ambitious avenue would be to keep using

internal models while giving the regulators tools to solve the associated asymmetric information

problem. Improving and extending the backtesting mechanism already in place for market risk

appears to be particularly desirable, as its application depends less on local supervisory incentives

than alternative mechanisms.

Finally, the strategic use of models can take place in other instances. Internal models are also

used to measure the performance of employees, convey information inside firms, or to rating agencies

and shareholders. In many cases “hidden model” problems can be as challenging as model risk and

call for di↵erent solutions.

32See Rochet (1992) on the importance of having well-computed risk-weights, and Efing (2015) for recent empirical
evidence.
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A Appendix

A.1 Preliminary note

An attractive feature of the model is that the bank’s net revenues from loans rL(1� t)� r0L(1�↵)

is equal to r(✓(↵)� t), which allows to express the conditional expected value of these revenues in a

simple way. In particular, denoting ✓ = ✓(↵), the proofs will repeatedly use the following equalities:

Z ✓

0
[r(a� t)� r0(1� ↵)]f(t, s)dt = r

Z ✓

0
(✓ � t)f(t, s)dt = r

Z ✓

0
F (t, s)dt (A.1)

Z 1

✓
[r(a� t)� r0(1� ↵)]f(t, s)dt = r

Z 1

✓
(✓ � t)f(t, s)dt = r

Z 1

✓
F (t, s)dt� r(1� ✓), (A.2)

where the last expression on each line is obtained through integration by part. I will also use

the derivatives of each expression with respect to s, which can be simply expressed using F2(t, s),

the derivative of the cdf F with respect to its second argument. Assumption (MLRP) implies in

particular first-order stochastic dominance, that is F2  0, so that the derivatives of both (A.1) and

(A.2) with respect to s are negative.

A.2 Proof of Proposition 1

The conditions (6) and (7) are straightforward first-order conditions associated with maximizing V

in ↵ and L. That ↵ is decreasing in s follows from (6): F (✓⇤(s), s) is constant in s, and F2 < 0

due to (MLRP), so that ✓⇤(s) = ✓(↵⇤(s)) increases in s. Since ✓(↵) increases in ↵, ↵⇤(s) is also

increasing.

To show that L⇤(s) is decreasing, I use (7) and reexpress integrals as explained in A.1:

cL⇤(s) = rE(1� t|s)� r0 � r0↵
⇤(s)� � �r

Z 1

✓⇤(s)
(t� ✓⇤(s))f(t, s)dt

= r

Z 1

0
(✓⇤(s)� t)f(t, s)dt� r0↵

⇤(s)(1 + �)� �r

Z 1

✓⇤(s)
(t� ✓⇤(s))f(t, s)dt

= r

 Z 1

0
F (t, s)dt+ �

Z 1

✓⇤(s)
F (t, s)dt� (1 + �)(1� ✓⇤(s))

!
� r0↵

⇤(s)(1 + �). (A.3)
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Di↵erentiating with respect to s, and using r✓⇤0(s) = r0↵⇤0(s), we have:

cL⇤0(s) = r

Z 1

0
F2(t, s)dt+ r�

Z 1

✓⇤(s)
F2(t, s)dt+ r✓⇤0(s)[1 + �� (1 + �)� �F (✓⇤(s), s)]

= r

Z 1

0
F2(t, s)dt+ r�

Z 1

✓⇤(s)
F2(t, s)dt, (A.4)

where I use (7) to show that the term in ✓⇤0(s) is null. Due to (MLRP), F2(t, s) is always negative,

hence L⇤0(s)  0.

A.3 Proof of Proposition 2 and Remark 1

Proof of the Proposition. A bank facing capital requirements ↵ and a deposit insurance premium

⌧ chooses E and L so as to maximize the following Lagrangian, where µ denotes the Lagrange

multiplier associated with the capital requirement constraint:

L =

Z ✓(↵)

0
[rL(1� t)� (r0 + ⌧)(L� E)]f(t, s)dt� C(L)� r0(1 + �)E + µ[E � ↵L]. (A.5)

We have the following first-order conditions:

µ = r0(1 + �)� F (✓(↵), s)(r0 + ⌧) (A.6)

↵µ =

Z ✓(↵)

0
[r(1� t)� (r0 + ⌧)]f(t, s)dt� cL. (A.7)

Assume for the moment that the optimal ⌧ is such that µ > 0 and the constraint is binding (to be

verified below). We obtain that the intermediary chooses L that satisfies:

cL =

Z ✓(↵)

0
[r(1� t)� (r0 + ⌧)(1� ↵)]f(t, s)dt� r0↵(1 + �). (A.8)

Using equation (7) defining the first-best level of loans L⇤(s), we can replace L with L⇤(s), ↵ with

↵⇤(s), and solve for ⌧ . This gives the following:

⌧⇤(s)[1� ↵⇤(s)]F (✓⇤(s), s) = (1 + �)

Z 1

✓⇤(s)
[r0(1� ↵⇤(s))� r(1� t)]f(t, s)dt. (A.9)

Reexpressing the integral gives us condition (A.9) in the Proposition. Finally, replacing L, ⌧, E,↵

with their first-best values in (A.5) yields the expression of ⇡⇤(s).

Finally, we check that ⌧⇤(s) as defined by (8) is such that the Lagrange multiplier µ is strictly
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positive, that is r0(1 + �) > (r0 + ⌧⇤(s))F (✓⇤(s), s). Using the definition of ⌧⇤(s) and the fact that

1� F (✓⇤(s), s) = �/�, this condition is equivalent to:

r0(1 + � � F (✓⇤(s), s) > 1+�
1�↵⇤(s)r

R 1
✓⇤(s)(t� ✓⇤(s))f(t, s)dt

, r0(1�↵⇤(s))�(1+�)
r� > (1 + �)

R 1
✓⇤(s)(t� ✓⇤(s))f(t, s)dt

, (1� ✓⇤(s))(1� F (✓⇤(s), s)) >
R 1
✓⇤(s)(t� ✓⇤(s))f(t, s)dt

, 1 >
R 1
✓⇤(s)

tf(t,s)dt
1�F (✓⇤(s),s) = E(t|t > ✓⇤(s)),

and the last inequality is necessarily true.

Proof of the Remark. Using the definition of ⌧⇤(s) given by (A.9), rewrite (10) as:

u(s0, s) = max
L

L

Z ✓(⌧⇤(s0))

0
[r(1� t)� r0(1� ↵⇤(s0))]f(t, s)dt (A.10)

+ L
F (✓(↵⇤(s0)), s)

F (✓(↵⇤(s0)), s0)
(1 + �)

Z 1

✓(↵⇤(s0))
[r(1� t)� r0(1� ↵⇤(s0))]f(t, s0)dt� r0L(1 + �)↵⇤(s0)� cL2

2
.

We use the envelope theorem to di↵erentiate this expression with respect to s0. Noting that

F (✓(↵⇤(s0)), s0) = (�� �)�, this gives:

1

L
u1(s

0, s) = r0
d↵⇤(s0)

ds0

✓
F (✓(↵⇤(s0)), s)

✓
1 + �

1 + �

�� �

◆
� (1 + �)

◆
(A.11)

+
�(1 + �)

�� �

d✓(↵⇤(s0))

ds0
f(✓(↵⇤(s0)), s)

Z 1

✓(↵⇤(s0))
[r(1� t)� r0(1� ↵⇤(s0))]f(t, s0)dt

+
�(1 + �)

�� �
F (✓(↵⇤(s0)), s)

Z 1

✓(↵⇤(s0))
[r(1� t)� r0(1� ↵⇤(s0))]f2(t, s

0)dt.

In s0 = s, the first term that depends on d↵⇤(s0)
ds0 is equal to zero, due to (6). ✓(↵⇤(s0) depends

positively on s0, while the integral on the second line is negative, so that the second term in d✓(↵⇤(s0))
ds0

is negative. Finally, due to the monotone likelihood ratio property (MLRP), the term on the third

line is negative as well. Thus, we obtain that u1(s, s) < 0: the intermediary would be better o↵

reporting a model slightly more optimistic than the true one.
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A.4 Proof of Proposition 3 and Remark 2

Proof of the Proposition. Starting with equation (15), incentive-compatibility requires that

u1(s0, s) is equal to zero in s0 = s. We have:

u1(s
0, s) = ⇡0D(s

0) + a0(s0)(⇡⇤(s0)� ⇡D(s
0))

F (a(s0), s)

F (a(s0), s0)

✓
f(a(s0), s)

F (a(s0), s)
� f(a(s0), s0)

F (a(s0), s0)

◆

� F2(a(s0), s0)

F (a(s0), s0)
(⇡⇤(s0)� ⇡D(s

0)) +
F (a(s0), s)

F (a(s0), s0)
(⇡⇤0(s0)� ⇡0D(s

0)), (A.12)

where F2 denotes the derivative of F with respect to its second argument. Incentive compatibility

requires to find for every s an a(s) such that:

u1(s, s) = 0 , F2(a(s), s)

F (a(s), s)
=

⇡⇤0(s)

⇡⇤(s)� ⇡D(s)
. (A.13)

Does such a function a(.) exist? Under (DM) we have, for any s, F2(t,s)
Ft(s)

< ⇡⇤0(s)
⇡⇤(s)�⇡D(s) when t ! 0.

Conversely, F (1, s) = 1 for any s, so that when t ! 1 we have the opposite inequality. Under

(MLRP), F2(t, s)/F (t, s) is increasing in t, so that there exists a unique value a(s) satisfying (A.13).

Moreover, (DM) implies that the left-hand side of (A.13) decreases more in s than the right-hand

side, while the left-hand side increases in a, so that a(s) is increasing.

We now need to show that reporting s0 = s is a global maximum for the intermediary. We can

use (A.13) to replace F2(a(s0), s0) in (A.12). After some rearrangements this gives us:

u1(s
0, s) = (⇡⇤0(s)� ⇡0D(s))

✓
F (a(s0), s)

F (a(s0), s0)
� 1

◆
+ a0(s0)

F (a(s0), s)

F (a(s0), s0)

✓
f(a(s0), s)

F (a(s0), s)
� f(a(s0), s0)

F (a(s0), s0)

◆
.

(A.14)

Consider (s, s0) with s0 < s. We want to show that u1(s0, s) is positive. ⇡⇤0(s)� ⇡0D(s) is negative,

while F (a(s0), s) < F (a(s0), s0), so that the first product is positive. The second large bracket is

positive as well as a consequence of (MLRP). As shown above, under (DM) we have a0(s) � 0, so

that the second product is positive as well. This shows that u1(s0, s) � 0, so that s0 = s is a global

maximum in s0 of u(s0, s).

Finally, I reexpress (DM) as a function of the primitives of the model. Due to the shape of the

cost function, we have ⇡⇤(s) = cL⇤2/2, so that ⇡⇤0(s) = cL⇤0(s)L⇤(s). We can thus write:

⇡⇤0(s)

⇡⇤(s)� ⇡D(s)
=

cL⇤0(s)

cL⇤(s) + r0(1 + �)↵⇤(s)
. (A.15)
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Using (A.3) and (A.4), we have:

⇡⇤0(s)

⇡⇤(s)� ⇡D(s)
=

R 1
0 F2(t, s)dt+ �

R 1
✓⇤(s) F2(t, s)dt

R 1
0 F (t, s)dt+ �

R 1
✓⇤(s) F (t, s)dt� (1 + �)(1� ✓⇤(s))

. (A.16)

(DM) is an assumption on how this quantity varies with s, relative to the ratio F2(a, s)/F (a, s).

The assumption can be checked numerically for any family of models on which the regulator would

like to obtain information. For instance, it is satisfied for the family of distributions used in Figure 1.

Proof of the Remark. By contradiction, assume that we can find a function T (t, s) that

satisfies all the criteria of the Remark but does not involve bail-outs. In particular, due to (LL), we

have T (t, s) = 0 for all t > ✓⇤(s). Consider the payo↵ of a type s intermediary who reports model

s. Denoting ✓ = ✓⇤(s), we have:

u(s, s) = rL⇤(s)

Z ✓

0
(✓ � t)f(t, s)dt�

Z 1

0
T (t, s)f(t, s)dt� r0(1 + �)↵⇤(s)L⇤(s) (A.17)

= rL⇤(s)

Z ✓

0
(✓ � t)f(t, s)dt�

Z ✓

0
T (t, s)f(t, s)dt� r0(1 + �)↵⇤(s)L⇤(s). (A.18)

As ✓ < t̂, f(t, s) = f(t, s) over [0, ✓], so that we have:

u(s, s) = rL⇤(s)

Z ✓

0
(✓ � t)f(t, s)dt�

Z ✓

0
T (t, s)f(t, s)dt� r0(1 + �)↵⇤(s)L⇤(s) = u(s, s) = ⇡⇤(s).

(A.19)

Any type s intermediary thus necessarily obtains a payo↵ equal to ⇡⇤(s), the maximum possible

payo↵, which is not compatible with (FB), a contradiction.

A.5 Proof of Lemma 1 and Remark 3

The next two proofs repeatedly use the derivatives of L(↵, s) and ⇡(↵, s) with respect to both their

arguments. Noting that ✓0(↵) = r0/r, we have:

cL(↵, s) = r
R ✓(↵)
0 F (t, s)dt� r0(1 + �)↵ ⇡(↵, s) =

cL(↵, s)2

2
(A.20)

cL1(↵, s) = �r0[1� F (✓(↵), s) + �] ⇡1(↵, s) = cL1(↵, s)L(↵, s) (A.21)

cL2(↵, s) = r
R ✓(↵)
0 F2(t, s)dt ⇡2(↵, s) = cL2(↵, s)L(↵, s) (A.22)

cL12(↵, s) = r0F2(✓(↵), s) ⇡12(↵, s) = c[L12(↵, s)L(↵, s) + L1(↵, s)L2(↵, s)]. (A.23)
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Proof of the Lemma. I first show that we can express W(↵, s) as in (20). We have:

W(↵, s) = V(↵, L(↵, s), s)

= L(↵, s)

"
r

Z 1

0
(1� t)f(t, s)� r0 � r0↵� �

cL(↵, s)

2
+ r�

Z 1

✓(↵)
(✓(↵� t))f(t, s)dt

#

= L(↵, s)

"
r

Z 1

0
(✓(↵)� t)f(t, s)dt� r0↵(1 + �)� cL(↵, s)

2
+ r�

Z 1

✓(↵)
(✓(↵)� t)f(t, s)dt

#

= L(↵, s)

"
cL(↵, s) + r

Z 1

✓(↵)
(✓(↵)� t)f(t, s)dt� cL(↵, s)

2
+ r�

Z 1

✓(↵)
(✓(↵)� t)f(t, s)dt

#
,

where I use (17) to arrive at the last expression, which gives (20). Di↵erentiating the latter in s

and then in ↵, we have:

cW2(↵, s) = rcL(↵, s)

 Z ✓(↵)

0
F2(t, s)dt+ (1 + �)

Z 1

✓(↵)
F2(t, s)dt

!
(A.24)

+ r(1 + �)

Z ✓(↵)

0
F2(t, s)dt

Z 1

✓(↵)
(✓(↵)� t)f(t, s)dt

cW12(↵, s) = rcL1(↵, s)

✓Z 1

0
F2(t, s)dt+ �

Z 1

✓⇤
F2(t, s)dt

◆
(A.25)

� r0F2(✓
⇤, s)

✓
cL(↵, s)� (1 + �)

Z 1

✓⇤
(✓⇤ � t)f(t, s)dt

◆
� (1 + �)r0

Z ✓⇤

0
F2(t, s)dt.

Since L1(↵, s) < 0 and F2(t, s) < 0, W12(↵, s) is a sum of three positive terms and is thus positive,

showing that ↵F (s) is increasing.

Proof of the Remark. Point 1: We need to show that ⇡11(↵, s) is positive, or equivalently

L11(↵, s)L(↵, s)+L1(↵, s)2 > 0. We have cL11(↵, s) = r0(r0/r)f(✓(↵), s) > 0, so that this conditions

is true. Point 2: IM(s) is obviously greater all else equal when ↵0(s) increases. Point 3: This is

equivalent to showing that ⇡12(↵, s)⇡(↵, s) � ⇡1(↵, s)⇡2(↵, s) < 0. Using (A.20)-(A.23), this is

equivalent to showing that L12(↵, s)L(↵, s)� L1(↵, s)L2(↵, s) < 0. We have:

c2(L12(↵, s)L(↵, s)� L1(↵, s)L2(↵, s))

=r0(1 + �)

 
r

Z ✓(↵)

0
F2(t, s)dt� r0↵F2(✓(↵), s)

!
+ r0r

 
F2(✓(↵), s)

Z ✓(↵)

0
F (t, s)dt� F (✓(↵), s)

Z ✓(↵)

0
F2(t, s)dt

!

=r0F2(✓(↵), s)

 
r

Z ✓(↵)

0
F (t, s)dt� r0↵(1 + �)

!

| {z }
=L(↵,s)>0

+r0r

Z ✓(↵)

0
F2(t, s)dt(1� F (✓(↵), s) + �). (A.26)

Since F2(t, s) < 0, this last quantity is negative.
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A.6 Proof of Lemmas 2 and 3, Proposition 4, and Corollary 1

Proof of Lemma 2. By contradiction, assume that the second-best (↵A, pA) is such that maxs ↵A(s) >

↵F (s). Consider the alternative solution (↵, pA) with ↵(s) = min(↵A(s),↵F (s). Let us show that

(↵, pA) leads to a higher welfare than (↵A, pA). Consider a given point s such that ↵A(s) > ↵F (s).

Since W12 > 0, we know that W(↵A(s), s) < W(↵F (s), s) = W(↵(s), s). Our alternative capital

ratios thus increase the welfare gross of auditing costs. Since moreover the auditing strategy is the

same, the new mechanism increases total welfare. We just need to check that (↵, pA) still satisfies

incentive-compatibility.

Consider the incentives for a type s0 to misreport model s. Since ↵(s) = maxs ↵(s), no other

type wants to report this model, hence auditing with probability pA(s) is more than enough to

ensure that this model is not misreported. Now, consider the incentives for type s to misreport

another type s0 with ↵(s0) < ↵(s) = ↵F (s). Under the initial mechanism, pA was such that

(1 � pA(s0))⇡(↵A(s0), s)  ⇡(↵A(s), s). Since ↵(s) < ↵A(s) and ↵(s0) = ↵A(s0), we also have

(1� pA(s0))⇡(↵(s0), s)  ⇡(↵(s), s), so that type s does not misreport either. (↵, pA) thus increases

welfare and satisfies incentive-compatibility, a contradiction. Hence, it has to be the case that

maxs ↵A(s) = ↵F (s). The reasoning to show that mins ↵A(s) = ↵F (s) is entirely symmetric. If it is

not the case, then we can consider the alternative (↵, pA) with ↵(s) = max(↵A(s),↵F (s), and again

show that it increases welfare while still being incentive-compatible.

Proof of Lemma 3. I will use an important implication from Point 3 of Remark 3: if we

consider ↵1 > ↵0 and s1 > s0, then for any s0 such that ↵(s0) < ↵0 we have ⇡(↵1, s1)/⇡(↵(s0), s1) <

⇡(↵0, s0)/⇡(↵(s0), s0). In words, a type of intermediary with a higher s and higher capital require-

ments has more incentives to pretend his type is s0. As a consequence, if p(s0) is high enough to

ensure that s1 does not misreport s0, then s0 will not misreport s0 either.

Now, let us prove that ↵A(s) = maxs ↵A(s). By contradiction, assume the second-best (↵A, pA)

is that such that there exists s⇤ < s with ↵A(s⇤) = maxs ↵A(s) > ↵A(s). We want to find an

alternative (↵, pA) that increases welfare while respecting incentive-compatibility. There are two

possibilities to consider:

First, we can have ↵A(s⇤) > ↵F (s⇤). Consider an alternative policy (↵, pA) defined as follows.

Pick a small ✏, s0 and s1 such that ↵A(s0) = ↵A(s1) = ↵A(s⇤) � ✏. In particular, there exists

an ✏ such that ↵A(s1) > ↵F (s1). For s 2 [s0, s1], set ↵(s) = ↵(s⇤) � ✏, and set ↵(s) = ↵A(s)

for all the other s. Graphically, we are clipping a hump in ↵A(s) around s⇤. The reasoning is
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then the same as in the proof of Lemma 2: all the types s 2 [s0, s1] have a ↵(s) closer to the full

information optimum. Their ↵ is the highest one, so no other type wants to mimick them, and

↵(s) < ↵A(s), so that they have lower incentives to deviate. (↵, pA) thus increases welfare and still

respect incentive-compatibility, a contradiction.33

Second, we can have ↵A(s⇤) < ↵F (s⇤). Then, there exists some s < s⇤ such that ↵A(s) < ↵F (s).

For all such values, define ↵(s) = min(↵F (s),↵A(s⇤)). ↵ increases welfare compared to ↵A, since we

have brought some types closer to the welfare-maximizing level. However, contrary to the previous

case, these types now have higher capital ratios, and thus more incentives to misreport. Observe

that they still have ↵(s)  ↵A(s⇤), and s < s⇤, thus less incentives to misreport than s⇤. Since pA

ensures that s⇤ does not misreport, it also ensures that the types s < s⇤ do not misreport under the

new mechanism. Again, we have found a way to increase welfare and respect incentive-compatibility,

a contradiction.

XXX LAST CASE?

Proof of the Proposition. The proposition derives straightforwardly from the first-order

conditions in ↵(s),↵, ŝ associated to the program (25).

Proof of the Corollary. (27) implies that W1(↵A(s), s) < 0 for s  ŝ. Since W12 � 0, this

implies that ↵A(s) � ↵F (s). (28) implies that for W1(↵A(s), s) is negative at least for some s > ŝ.

Since over [ŝ, s] we have ↵A(s) = ↵, and using again that W12 > 0, this implies that there exists

a threshold s̃ above which W1(↵, s) > 0 and thus ↵A(s)  ↵F (s). Since ↵A(s⇤) = ↵ � ↵F (s), this

threshold s̃ is higher than s⇤.

To prove the second part, we can take the partial derivative of (27) with respect to s, which

simply gives W12(↵(s), s) and is positive. When s is higher, it is more important for welfare to

increase ↵, but the auditing cost does not depend on s itself, only on ↵(s), and ↵. This shows that

↵A(s) has to be increasing. Then, fully di↵erentiating (27) with respect to s gives us:

↵0
A(s) =

W12(↵(s), s)⇡(↵(s), s)

⇡11(↵(s), s)�W11(↵(s), s)⇡(↵(s), s)� 2W1(↵(s), s)⇡1(↵(s), s)
. (A.27)

As ⇡11 > 0, this implies that ↵0
A(s) is decreasing in . Since ↵F can be seen as the special case

when  = 0, this also implies that ↵A increases less quickly than ↵F .

33The reasoning is easily adapted to the special case in which s⇤ = s.
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A.7 Parameters used in the figures

All the figures rely on simulations using the following baseline parameters. {F (t, s)} is a family of

Beta distributions with parameters a = 3.5 and b = 1/s, with s = 1/70 and s = 1/35. Es(1 � t)

thus ranges from 4.8% to 9.1%.  is the uniform distribution over [s, s]. r0 = 1, r = 1.125, and

C(L) = cL2/2, with c = 0.01. Finally, � = 0.01 and � = �/100.

Additionally, Figure 2 uses three values of : 0, 0.0001, and 0.00015. Figure 3 uses  = 0.0001,

̂ = 0.00015, and �̂ = 0.005.
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