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Abstract

This paper examines the evaluation of asset pricing models with many test assets. The
models are specified through a linear stochastic discount factor (SDF). We implement two
interpretable regularization schemes to extend the Hansen-Jagannathan distance in a frame-
work of a data-rich environment. These regularizations are shown to yield a relaxation of
the Fundamental Equation of Asset Pricing and, therefore, take into account the global
misspecified nature of models in finance. We derive the asymptotic properties of the SDF
parameter estimator and implement comparison tests of asset pricing models. All results are
obtained under the double asymptotic where the number of assets and the number of time
series increase to infinity.
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1 Introduction

Dynamic Asset Pricing Models mainly strive to understand the difference in expected returns
among assets. Models differ according to the researcher’s systemic risk: for example, CAPM pro-
poses the market portfolio as the main relevant risk factor. Several alternative models (anomalies)
have been tested in the literature following the rejection of the CAPM. These models can always
be obtained by the relationship between the stochastic discount factor (SDF), pricing kernel, and
the proposed risk factors.

A well-known measure of model misspecification is the Hansen-Jagannathan (HJ) distance,
which measures the distance between a proposed pricing kernel and the closest valid one (see
Hansen and Jagannathan (1997)). The distance is similar to the GMM one except for the weight-
ing matrix which is equal to the inverse of the second moment matrix of the returns. With this
distance, the specification test of models (whether the HJ-distance is null) is often rejected (Ho-
drick and Zhang (2001); Ludvigson (2013)). Therefore, the misspecification of models is usually
assumed. In addition, the distance is used to estimate a parameter of the SDF and evaluate
whether a risk factor is a priced source of risk.

Even when the models are considered misspecified, one would like to compare the performance
of competing asset pricing models. This task is difficult as many asset pricing models seem to
perform very well in explaining the well-known 25 portfolios sorted on size (S) and book-to-
market (B-M) of Fama and French (1992). As pointed out by Daniel and Titman (2012), this is
chiefly due to the characteristics of the formed portfolios which cover a restricted dimension of
the returns. Lewellen, Nagel, and Shanken (2010) mention the strong covariance structure of the
S/B-M portfolios and suggest increasing the number of test assets, among other recommendations.
Kan and Robotti (2009) augment the dataset with the 49 US industry portfolios and compare the
HJ distance of several asset pricing models. However, they could not differentiate them due to
the high variability of the data.

With the HJ distance, test assets cannot be expanded infinitely without worrying about the
weighting matrix. The latter’s estimation is quickly unreliable and unstable as the return covari-
ance is near singular or downright non-invertible when the number of assets exceeds the length
of the time-series. Cochrane (2005) advanced that a number of assets larger than 1/10 of the
time period frequently leads to a near singular covariance matrix. Using this weighting matrix is
equivalent to testing asset pricing models with a particular portfolio built from the original returns
or test assets. However, a near-singular matrix produces exceptionally leveraged portfolios that
are economically not reasonable. Therefore, one ends up focusing on uninteresting portfolios. The
situation is exacerbated when, for example, researchers use a considerable amount of individual
returns as test assets.

The same issue arises frequently, and the well-known generalized least-squares (GLS) is another
example as pointed out by Cochrane (2005). In the presence of heteroscedasticity, OLS estimates
are still consistent; however, GLS will be more efficient. Nevertheless, inaccurate estimation or
modeling of the errors’ covariance matrix leads to a deterioration of the GLS results. Therefore,



it is sometimes even better to stop at the OLS level of estimation. Furthermore, standard GMM
presents the same issue as Jagannathan, Skoulakis, and Wang (2010) discussed. Therefore, the
first step GMM may be more robust than the one with the optimal matrix.

This paper examines the evaluation and comparison of asset pricing models with many test
assets, therefore an unstable covariance matrix. First, relying on the inverse problem literature
(see Carrasco, Florens, and Renault (2007)), we extend the HJ distance to account for many
test assets while assuming that all models are inherently misspecified. Specifically, we implement
Tikhonov and Ridge regularizations of the inverse of the covariance matrix in the HJ distance.
We show that these regularizations relax the Fundamental Equation of Asset Pricing. In addition,
the new misspecification measures can be interpreted as the distance between a proposed pricing
kernel and the closest valid SDF pricing returns with controlled errors. All these methods depend
on a regularization parameter that controls the level of misspecification. Second, we provide the
asymptotic distribution of SDF parameters obtained by minimizing the regularized distance. This
permits to determine whether a particular factor is a priced source of risk in the returns and is
essential to compare models. In our setting, we allow the number of assets to be higher than the
number of time series data. Third, to compare models in the most general manner, we derive the
distribution of the regularized distance. All the results are derived under the double asymptotics
where the number of assets N and the number of observations 7' go to infinity simultaneously.

Our work is related to several strands of the literature at the intersection of asset pricing model
evaluation and machine learning in finance. Several papers proposed methods to examine asset
pricing misspecification (Hansen and Jagannathan (1997); Almeida and Garcia (2012)). This
paper is close to Kan and Robotti (2008) and Kan and Robotti (2009) who derived asymptotic
distribution of the SDF parameter and model comparison methods using the HJ distance under
a misspecified setting. As we are interested in estimating the parameters that minimize the HJ
distance under misspecification (pseudo-true value), this paper is also related to Antoine, Proulx,
and Renault (2020). However, unlike their approach, we employ the unconditional version of the
HJ distance with many assets. Several papers also propose methods to either stabilize or improve
the estimation of covariance matrices (Carrasco and Rossi (2016); Carrasco, Kone, and Noumon
(2019); Ledoit and Wolf (2003); Ledoit and Wolf (2020)). Kozak, Nagel, and Santosh (2020)
consider a model where the factors serve simultaneously as the assets whose returns they are trying
to explain and the candidate factors that enter in the SDF. They suppose the number of factors
large and propose a Bayesian estimator which has an interpretation in terms of penalization on the
SDF coefficients. Our paper has also strong connections with the work of Korsaye, Quaini, and
Trojani (2019). They propose a general method of finding a Smart SDF (S-SDF), a strictly positive
SDF that tolerates pricing errors for dubious assets. Our method finds the distance between the
empirical SDF of the researcher and the S-SDF, without the non-arbitrage constraint. Barillas
and Shanken (2018) put forth a method to compare asset pricing models. They also show that
returns of the test assets are irrelevant when comparing asset pricing models with just traded
factors. However, the test assets become essential when one deals with non-traded factors. In
this paper, we are dealing with both types of factors. Finally, as we evaluate models under a



misspecified setting, our paper is related to Hall and Inoue (2003) who established the distribution
of Generalized Method of Moments (GMM) estimators when moments are misspecified.

The paper is organized as follows. Section 2 presents the framework under which we evaluate
models and the issues related to the weighting matrix. Section 3 introduces several regularization
methods as well as their interpretations. The section also presents the asymptotic properties of the
SDF parameter estimators. Section 4 treats model comparison using regularization, and section
5 contains the results of the simulations. Section 6 compares four empirical asset pricing models
using a dataset of 252 portfolios. Finally, section 7 concludes. The proofs are collected in the
appendix.

2 Asset pricing model under misspecification

2.1 Pricing errors and model specification using excess returns

Let 7, be the excess returns of N assets. Given the availability of K factors f;, the estimation
of Asset Pricing Models can be summarized in finding the expression of the relevant stochastic
discount factor y;. The latter must satisfy the fundamental equation of asset pricing: E[r..y;] = 0.
Define Y, = [ft]. Its mean and covariance matrix are given by p = E[Y;] = [N 1} and
T Ha
Vir Vig
Vor Voo
on linear candidate SDF, y,() = 1 — ft, 0. It is common to choose 6 by minimizing the aggregate
pricing errors e(f) = E[ry.y:(0)] = py — Vo160 via

V=V, = [ } We define also 7, = r, — jip and f, = f; — p;. In this paper, we focus

Quw = e(8) We(b), (1)

where W is a positive-definite matrix.
The SDF prices correctly the returns, when one can find 6 such that Qu (6) = 0. Otherwise,
the model is considered globally misspecified.

Remark 1. The reason for demeaning the factors is the following. When models are misspecified,
Proposition 1 of Kan and Robotti (2008) shows that the ranking of asset pricing models using Qw
with raw factors can be altered by performing an affine transformation of the factors. To impose
invariance to affine transformations of the factors, one should demean the factors.

In the particular case, where W = Vj,', the covariance of the returns, Qy is a modified Hansen
and Jagannathan (1997) distance, where the mean of the SDF is constrained to 1. Let

Qvas = 0% = (s — Vau) Viy (11 — Vi ). (2)



We define 0y, as the solution to the minimization of (2).

Oy = a?"ggm'n 6% = (ViaViy ' Var) " 'Via Vi s

07 can also be written as Vi1 (3 Vi 8) 18" Vg 'ty = V7' where 3 = V5, V7' is the exposure
of the returns to the factors f; and v = (8'Viyy'3) ' 8'Vyy ' 1ty represents the risk premium. This
particular form shows that the SDF parameter can also be estimated via the #s. Such representa-
tion is not new as a well-known equivalence between SDF representation, beta-representation and
minimum-variance efficiency has been already established (see (Cochrane, 2005, p. 261), chapter
7 of Ferson (2019) or Goyal (2012)). In this setting, the asset pricing model is misspecified when
e =ty — Vo Vii'y = iy — 8y # 0. }

We represent a misspecified linear asset-pricing model with SDF vy, = 1 — f,0 by the following
formulation

re=e+B(fi +7) + e, (3)

where (3 is a matrix N x K, e € RY, v € R¥, the N x 1 error terms ¢, are assumed uncorrelated
with the factors. In addition, the errors have mean 0 and variance V(e | f;) = 3¢ = [ai,j]m:L_” N
of full rank where o; ; = E'[e;€j]. We note 07 = 0;; and € = [ey, ..., 7] . Remark that Equation
(3) does not impose a factor structure on r; because the error term ¢; is allowed to be serially
correlated (see Assumption 2 below). Moreover, the intercept e; may vary with the asset 7.

Let R=1[ry, - ,r¢] and F = [f,--- , fr] be respectively the 7' x N and T x K matrices of

returns and factors. The OLS estimates of [ is given by

b= (RF)(FF)"=Valy'

gt fi
where R = R — 1pji, and F = F —1pf,. R= | : | and F = | : | with 7 = r, — i, and
Py fr
1« 1«
fi=fi—. [y = T Z frand i, = T Z r, are respectively the estimators of 11, and .
t=1

t=1

The SDF parameter is estimated by
~ NI N S N
Ony = an(ﬁ ‘/2215) B V221M27

and
~2

0" = f1n Vi iy — f1g Vg Var (Vi Vs Va1 ) ™ Vig Vi s
= [ Vs iy — 15V B(B Vi ' B) 1B Vi it

Using excess returns, Lemma 4 of Kan and Robotti (2008) gives the asymptotic distribution



of O, under a misspecified setting and for N fixed. Specifically,
ﬁ(é[{] — QHJ) — N(OK,V(éHJ)),

where
oo

V(0us) = Z E[th;rj]a (4)
j=—o00
g = HVioVay' (re — pi)ye + H{(fr — p1) — ViaVay' (re — pio) e + Omyy H = (ViaVip'Van) ™! and
we = € Vg (re — pg).

2.2 Issues with the weighting matrix

When models are misspecified, the SDF parameter, that minimizes (1), depends on the weighting
matrix. Therefore, its choice is paramount.
One possibility is to use the GMM framework. In this case, W = S, where
S = z:ﬁwﬁyﬂiﬁﬁyhﬂy

j=—o0

However, using this weighting matrix to compare asset pricing models may be misleading for
several reasons.

First, in this case, the objective function (1) equates to the over-identification test of Hansen
(1996). However, it has been shown that this diagnostic is model-dependent and tends to reward
models with volatile SDF and pricing errors as their over-identification statistics tends to be lower
(Ludvigson (2013), p.810).

Second, from a perspective of looking at the GMM estimator as a portfolio optimization with
the inverse of the eigenvalues of S as weights, it tends to produce huge leverage portfolios as S is
near singular with many assets (Cochrane (1996), p. 592).

Other matrices can be used. For example, the inverse of V5, — VglVﬁl\/m, the residuals of
the regression of r on f, is used in Shanken (1985) and Shanken and Zhou (2007) to estimate
the risk premium . One can also use the identity matrix to circumvent the invertibility issue.
Nonetheless, the models estimated will depend on the assets included. This setting is not preferable
for researchers looking for results independent of particular dataset.

As shown in Kan and Robotti (2008), the use of V,,' as weighting matrix enables the HJ
distance to be model-independent and suitable for asset pricing model comparison. However, V2§1
is often near singular as securities are very correlated and N is often large. This singularity may
be even higher than that of S. Therefore, it brings forth the same issues as pointed out by p.216
of Cochrane (2005). In addition, near singularity deteriorates the small sample properties of the
SDF estimator or misspecification test.



3 Regularized SDF parameter estimator

As stated earlier, inference using the modified HJ distance may not be robust to a large number
of correlated securities that makes the weighting matrix near singular. Relying on the literature
on inverse problems in an infinite dimensional space (see Kress (2014) and Carrasco, Florens, and
Renault (2007)), we introduce two regularization methods to stabilize the weighting matrix and
improve the estimation of asset pricing models.

3.1 Types of regularization

Before introducing the regularization techniques, we introduce several objects to recast the prob-

V . o ’ ~ ~ =7 =
lem as an inverse problem. > = % =F (re ’u2)]5;t Ha) } =F {%] =F ~NT isa NxN
matrix, where 7, = 1y — pip and R = [(r; — ) -+ (rp — MZ)/], is ' x N matrix. We endow
R with the norm || ¢ ||3= ¢}\?2 with associated inner product < ¢y, ¢y >n= % , and R”

v'v vy
with norm | v ||7= - induced by inner product < vy,ve >p= 1T2 Let H be the operator

from RY to R defined by Hp = %qﬁ and H*, the adjoint of H, i.e. H'v = %, operator from
RR
NT
Let {\/5\7], <}§j, @j} J =1,2,... be the singular value decomposition of H such that H¢; = \/?j@j

R” to RY. With that, we have the operator H*H¢ = ¢ = 2¢ which goes from RY to RV.

and H*v; = \/S\j&ﬁj. Note that {Xj, gAbj}, j=1,2,...,min(N,T) are the non zero eigenvalues and

eigenvectors of >..
In addition, we define other norms that will be useful in the sequel.

Definition 1.

1. For a vector v € RN, || v | is the euclidian norm.

2. For an arbitrary (K x N) matriz V, the operator norm of V is || V ||= sup || Vo |.
llell=1
Therefore, for any vector u € RY, || Vu ||[<|| V ||| w || -

N
3. Let {¢j}j:1,---,N be a complete orthonormal basis in RY. For any ¢ € RY, || ¢ ||3= Z <
i=1
¢, ¢; >2% and if V is a (N x N) symmetric matrir, we define the following operator norm
IV llv= sup <V¢,¢>y.
lellr=1
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4. We define the Frobenius norm as || V ||p= (tr(V/V)>§. We have || V ||<|| V ||r and for
any vector u € RN, || Vu ||<|| V ||#]| u ||.

5. If || v ||[n< oo when N — oo, we note || v || its limit value.

Assumption 1. (i)
re = e+ B(fi +7) + &, (5)

where ( is a matric N x K, e € RN, v € RE, the N x 1 error terms €, are assumed
uncorrelated with the factors. In addition, the errors have mean 0 and variance V(e | fi) =

Ye =[0i;]; jo1... n of full rank where 0;; = E [€ir€j].

N
1 /
(1) N E B,8; — X, as N — oo,where ¥ is positive-definite matric.
i=1

(i) || e lv=0(1).

Remark 2. The first part of Assumption 1 is the same as assumption 2 of Raponi, Robotti, and
Zaffaroni (2020). Positive-definite X5 excludes spurious factors and cross sectionally constant [3;.
Also, this assumption implies that || By o< 00,k =1,--+ | K.

(i) imposes that || e || is bounded, this is a mild condition which is satisfied as soon as each
element e; of e is bounded.

Assumption 2. (i) The process x; = (€, fkt)t:1,2,...,T 18 stationary and strong mizing with
mizing coefficients o, (1) verifying

Zlam(l)ﬁ < 00,
=1

Jor some p > 0. a,(l) = sup : sup[| P(ANB) — P(A)P(B) |: A€ F°, B € F*], where
ik>1  AB
[ >1and F) = o(x; : u <t < w) is the o-field generated by the data from a time u to a

time v for v > wu.
(ii) Vi1 is non singular.
(iii) E[e; ] < ¢, fori=1,2,---, where ¢ is a constant and p is given in (i).

Remark 3. Assumption 2(i) specifies the rate of decay for the mixing coefficient in terms of a
parameter p. When the data are independent, o, = 0 and this condition is automatically satisfied
forall p > 0. If z; is exponentially strong mizing, then A2(i) is also valid for any p > 0. Assumption
2(iii) implies that E[|| ¢ ||3] = O(1) as N — oc.



Lemma 1. Under Assumptions 1 and 2, for a linear asset pricing model, we have the following
results as N — o0,

L B[] |3 = 0(1).

2. tr(X) =0(1).

Remark 4. Lemma 1 indicates that the expected norm of the returns is finite when N 1is large.
In addition, ¥ is trace class, i.e the sum of its eigenvalues is finite. This implies that % is in the
family of Hilbert-Schmidt operators which are compact. The result has several implications. First,
the set of eigenvalues is countable and its largest one is bounded (see Theorem 2.39 of Carrasco,
Florens, and Renault (2007)). Second, as N — oo, its smallest eigenvalue decreases to 0.

Let a > 0 be a regularization parameter. We consider two techniques which consist in replacing
the singular or nearly singular matrix > by a well-conditioned matrix before inverting the matrix.
These two regularization schemes give the following inverses:

1. Ridge regularization

2;1 = (i + OCIN)_I.

2. Tikhonov regularization

Yol = (224 aly)7i

For a small, the regularized inverse will be close to the actual inverse while being much more
stable. In practice, the tuning parameter « is chosen to go to zero with the sample size. Its choice
is discussed later.

Definition 2. 1. For an operator A : G — E that maps a Hilbert Space G (with norm || . ||g)
into a Hilbert Space E (with norm || . ||g), the range, R(A), is the set {1 € E :1p = A¢ for
some ¢ € G such that || ¢ ||g< co}.

2. For a positive self-adjoint compact operator with spectrum {)\j,goj,j =1,-- } > : G —
G that maps a Hilbert Space G (equipped with the inner product < . >¢) into itself, the
w—reqularity space of the operator ¥ , for all w > 0, is

- |< Qb, ¥, >G|2
@w:{¢:¢€GandZ)\—2ﬂj<oo .
j=1 J
3. The Reproducing Kernel Hilbert Space (RKHS) H(X) of the operator ¥ corresponds to ®,,

ith w = —.
with w = 3

Remark 5. ®,, is a decreasing family of subspaces of RY asw > 0 increases. The reqularity space
parameter w qualifies the smoothness of ¢. It also permits to characterize the regularization bias.

8



. RP _F'F X
Remark 6. Notice that as [ = TF, where Pp = F(T)’1 = [P}; Pg] Then, (3

can be rewritten as 3 = [H*Pj -+ H*P[]. Therefore, B, € R(H*),k = 1,--- K. From

Proposition 6.2 of Carrasco, Florens, and Renault (2007), R(H*) = H(3) = R(52) where H(3)
1s the Reproducing Kernel Hilbert Space of 5.

We make a stronger assumption on the /3, and e.

Assumption 3. (i) §;,e € O, with w = 3.
1 / 1 1
(1) As N — oo, Cs = Nﬁ Y18 =<¥728,5728 >y— C, where C is positive-definite matriz.

Assumption 3(i) implies that 8, and e belong to the range of ¥“ so that objects ¥7*3, and
> "“e are well defined even when N goes to infinity.

3.2 Regularization as penalization

This section aims to provide two interpretations of the regularized HJ-distance. One in terms of a
penalization on the norm of the pricing error, the other in terms of a penalization on the Lagrange
multipliers.

First, recall that as pointed out by Kan and Robotti (2008), 6° (not regularized) gives the
distance between the proposed SDF y; and the set of correct SDFs of mean 1 in M, the set of
square integrable random variables.

6 = ' E(m; —y,)? subject to E = 0. 6
mte/&rﬁzg%ld:l (my —y;)©  subject to E[myr] (6)

Below, we are going to show that the regularized 6> measures how far ¥ is to the closest valid
SDF of mean 1 which prices returns with an error controlled by a. To prove it, we make the
following assumption.

Assumption 4. Img € L? : E[mo] = 1 and || E[mgr] ||3< oo.
Remark 7. Assumption 4 guarantees the existence of at least one SDF with finite pricing error.

Proposition 1. Under assumption 4, we have the following results:

1. For ridge,
. 1
6% = inf  E[(m—1y)*+—| E[mr] |3, (7)
meM,E[m]=1 o
2. For Tikhonov,
' 1
52 = inf  E[(m—y)?*]+ o | E[mr] H?V,E? (8)

meM,E[m]=1



P
where || z |3 5= % for any v € RY.

The previous proposition shows that regularization is equivalent to relaxing the constraint of
problem (6). Low values of o put the emphasis on the fundamental equation of asset pricing,
while high values allow for possible errors in the pricing of assets.

To get insights on the mecanism behind the penalization in (7), we consider the dual of the
optimization problem (7) (see the proof of Proposition 1 in Appendix):

r T V,TT’,Vl V,TVQ «
6% = mar E{2yv,— — -1 —vi-2-1 —— v |]? 9

B IeRN voeR { ¥ N2 2 N Il )
where v; and vy can be interpreted as Lagrange multipliers where v, is associated with the
condition || E[mr] ||3< c for some constant ¢ and v, with the condition E (m) = 1. Equation
(9) is the penalized version of the dual of (6) with a penalization applied to v;. The first order
condition with respect to vy gives

E (rr)
N

Vi — vy —avy = 0. (10)

The first order condition with respect to vy gives vy = —1/ju,/N. Replacing vo in Equation (10)
gives
v = (X +al)le=3"e

(0%
And the solution is the ridge regularized Hansen-Jagannathan distance

ry—1
eX, e

5% =
N

For Tikhonov regularization, the dual is given by

! ! ’

virvy o _

6% = mar E {le/l— — = -2 1N — NV&E 11/1} .
v1ERN vaeR

Solving in v, and v, yields vy = [B2 + aly] 'SE[ry] = [£% + aly] 'Ze and

52— e [2? 4+ aly] e

So for both regularizations, the penalization on ||E (mr)||3 translates into a penalization on the
Lagrange multiplier v; and hence relaxes the condition. In the extreme case where a — oo,
v1 = 0 and no restriction on F (mr) is imposed. In the other extreme where av = 0, the condition
E (mr) = 0 is strictly enforced at the risk of getting an unstable solution involving ¥~

Now we investigate how Tikhonov regularization acts on the constraint. As assets with very low
eigenvalues tend to have abnormally bigger weights in the HJ-distance, the Tikhonov regularization

10



induces a rebalancing of the weights. Using the diagonalization of ¥ = P'AP , where P is the
matrix of eigenvectors and A, the matrix of eigenvalues )\;, we can rewrite the penalization as

follows:

1

— | Elmr] s = —(E[mr]) P'APE[m])

QI—Q |

(ElmPr| )/A(E[mPr])

w;iE[m(Pr);]*,

I
10

where w; = %. (Pr), can be interpreted as the principal component of 7. The Tikhonov penaliza-
tion entails the repackaging of the assets into N portfolios (Pr) ; with weights given by w;. The
lower the eigenvalues J; is, the lower the contribution of asset (Pr); to the minimization, and
vice-versa.

Korsaye, Quaini, and Trojani (2019) propose a Smart SDF (S-SDF), M. The latter is a non-
negative random variable that tolerates pricing errors for D € N dubious assets (R;) while pricing
correctly S € N sure assets (Ry).

E[MRS] — (s = ON and h(E[MRd] — qd) < T,

where 7 > 0 and h : RY — [0, +00] is a closed and convex pricing function. ¢ and ¢4 are the prices
of the sure and dubious assets. Such SDF always exists in an arbitrage-free economy with frictions.
In the search of a minimum dispersion S-SDF, the latter materialized itself as a penalization of the
portfolio weights of the dubious assets in the dual portfolio problem. This penalization represents
transaction costs which equal to the minimum execution cost for buying the dubious assets.
Remark that it is equivalent to penalize the norm ||E [mr]||> in (7) or to impose a constraint
of the form ||E [mr]||* < 7 so our approach is very similar to that of Korsaye, Quaini, and Trojani
(2019). However, we do not impose M € Li, i.e non-negative L? random variable and we allow

for a double asymptotic where both N and T" go to infinity.

3.3 Asymptotic distribution of the regularized SDF parameter of mis-

specified models
For any regularization schemes, the estimator of 65 ; is given by

~Q

QHJ = arg;m’n(/lQ - ‘7219)/221@2 - ‘7219)~ (11)

11



and the regularized HJ-distance is

_ ¥ty YR8 (BEIBY B Ealh
N N ’

A

¥~ is the regularized inverse of S obtained either by Ridge or Tikhonov regularization.
Using the definition of the asset pricing model, the average of the excess return can be rewritten
as
fio = B(f1y — prr +7) + (B8 = B) ity — p1 +7) + e+,
T
where € = — Z € and 9;} 7 can be decomposed as such
TS

A

Oy — Oms = (Vi = Vir)y + Vi (i — ) (12)

+ B S te+ AE e

Equivalence between Ridge and Tikhonov.
Because [ depends on r, it is possible to rewrite Ridge as Tikhonov regularization. Ridge
regularization gives

N RR RF
Z—l — i ] -1
o B (NT + aly) X
min(N,T)
A/ N
= Z ( — ]><F7¢]>N¢])
j=1 )\jS

where ¢ (pn) = - i p and {)\j, gbj} are the eigenvalues and eigenvectors of % (see Appendix for

more details). Tikhonov regularization gives the same formula but with ¢(c, \//\_]) replaced by
q(cv, Aj). So both regularizations give basically the same results (the only difference is that the
optimal rate for & may be different). For this reason, we focus on Tikhonov regularization. From
now on, @?{ ; and 52 correspond to the estimators obtained by Tikhonov regularization.

The following assumption is needed to derive the distribution of regularized SDF parameter
when N and 7' go to oo.



Assumption 5. For p > 0 defined in Assumption 2 (i), we assume:

(i) B[]l fi "] <oo.

4+2p

(i) Lim Bl e [[y™] < oo

(i) lim_ B[] r, ||5%] < oo.

T
1
(iv) 0 < lim Var(ﬁz <r, Y le>y) < 0.
t=1

N,T—oc0

T
1

v) 0 < lim Var—g <YB8. 1 >n) < .

() N, T—o0 (\/thl 6 ! N)

T —o0

T
1
vi) 0 < lim Var—g < e, Y te>N) < 00.
() N (\/Tt_l t N)

Proposition 2. Suppose Assumptions 1-5 are satisfied.
As T, N go to infinity and « goes to zero, if o is chosen such that oT — oo and o*T — 0 ,
we have the following results for Tikhonov regularization
1. 9;;] — QHJ
~Q d _ —
2. ﬁ(eHJ —0uy) = N0k, V7' Qv

N, T—o0

T
1
where 2 = lim var | — hy|. hs is defined as
S Y

= L Bu! . o eXle _ mYle
hi = fiye + v+ OglﬁT (erye — Teliy +€) + Cp 1V111fttT; and @, = — N

Proposition 2 can also be used when the model is correctly specified by setting e = 0. {2 can

be estimated using the HAC estimator of Andrews (1991). The results of Proposition 2 are keys
to compare competing asset pricing models.
The regularization parameter must be chosen in a way such that the bias vanishes as T — oc.

1
In general, as T" and N go to oo, if a ~ T €]=; 1[, the rates of convergence of Proposition 2

55
are satisfied. In practice, we let the data choose a.

3.4 Choice of the regularization parameter

We rely on a data-driven approach to choose the regularization parameter o. For a given sample

size T, we divide the historic data in two parts. We use the first part to estimate v and employ

it to predict returns in the second part. We choose a that maximizes the out-of-sample R-square,

R, |

(13 — B°Va) (15 — B°Y4)
13 13

where quantity with .° are estimated from the withheld sample.

R =1-—

008

, (13)
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4 Tests of equality of HJ distance of two asset pricing
models

We compare two competing models (Models 1 and 2) using their regularized HJ distances. Their
SDFs are defme(l:l as y1e(n) = 1— (1, — E[mlt])lﬁl and yo; (\) = 1 — (w9 — E[.I’Qt])IQQ- Ty = [f{t; fét]/
and xo; = [fy;, f3] are two sets of factors, that are used in Model 1 and Model 2, respectively. fi;
is of dimension K; x 1,:i=1,2,3. 0y = [0,,,0},] and 05 = [0, 65,] .

The two corresponding pricing models are respectively

re = e1 + B1(z1 — Elr1] + 1) + €, (14)

and

re = ey + By(ro — Elzar] +74) + €ar,

with 6, = 8,7, and 03 = 557,. e, represents the vector of pricing errors of model m = 1,2. We
note 02,,m = 1,2 the HJ distances of the two models.

02, = 115Va3" 1y — 15 Vs Vot (Viz,n Vaz Var,m) ™ Vign Vaz  fs

Model m is estimated using solely factors in x,,.

When K; = 0, the two models do not share factors. When Ky = 0 or K3 = 0, one of the
models nests the other one. Finally, when K; > 0, Ky > 0, and K3 > 0, the two models are
non-nested with overlapping factors. We will treat the nested and nonnested cases separately.

4.1 Comparison of nested models

In this section, we assume without loss of generality that Ky = 0. When the models are nested,
the equality of HJ-distances is equivalent to the equality of the SDFs of two models as pointed
out by Kan and Robotti (2009). We define Cy = (‘/12,2%51\/21,2)_1and partition it as below

Cy = {02,11 02,12} '

Coo1 Caoo

We assume C 55 is a full rank matrix. Kan and Robotti (2009) shows that the difference of HJ
distances (67 — 05) between the two models is equal to

07 — 05 = 033 Cq3y00. (15)

The following proposition can be viewed as a generalization of Kan and Robotti (2009) Propo-
sition 2 where N and T" are allowed to go to co using regularization.
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Proposition 3. Suppose Assumption 1-5 are satisfied. We have the following results:

1. 67 = 05 if and only if O = O,

2. Under the hypothesis 022 = Og,, as T, N go to infinity and o goes to zero, if o is chosen
such that aT — oo and o*T — 0,

A

K3
A2 d
T((sl,a - 52,04) - Z&]X?(l)
Jj=1

where X?(l) are independent chi-square random variables with 1 degree of freedom and §; are

the eigenvalues of V' <922> C. 2V (622> and V (922) is the asymptotic variance of 0,,.

Remark 8. Proposition 3 implies that we can perform two kinds of tests to compare Model 1 with
factor fi and Model 2 with factors f1 and fz. On the one hand, we can focus on the SDF parameter
Ao and test Hy : Ay = Ok, using Proposition 2 in a framework where returns are governed by (14).
On the other hand, we can compute the HJ distance difference of the two models using the same

A

)
level of penalization or (15) and use the statistics T'(0, ,, — 0,,) to compare them.

1,
The coefficients §; are all nonnegative, hence the test presented in Proposition 3 is a one-sided

test.

4.2 Comparison of non-nested models

In this section, we assume K; > 0, Ky > 0, and K3 > 0. The two models are non-nested with
overlapping factors. In this case, equality of HJ-distance can be achieved in two cases. The first
case corresponds to the setting where the SDF's coincide. The second is when y; # y, but 67 = 63.
Both cases need to be treated separately.

4.2.1 Test of SDFs equality

In this section, we test the equality of the SDFs, y; = y,. Given the models are non-nested,
the equality of SDFs can be achieved only if the both SDF depend on f; only. Consider C; =
(\/12,1\/251‘/2171)_1, partition it as below

Cy = {01,11 01,12} 7

Cioi Cia
and assume (1 o is a full rank matrix. The difference between the HJ distances is
2 2 . .
51 - 52 - _‘91201,212912 + 92202,212922'
The following proposition outlines the main result.

Proposition 4. Suppose Assumption 1-5 are satisfied. We have the following result:
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1. y1 =y if and only if 012 = Ok, and 022 = Ok, and
2. For Tikhonov, under the hypothesis 615 = Ok, and 023 = O, , as T, N go to infinity and o
goes to zero, if a is such that oT — oo and o*T — 0,

A

K3
~2
T(010 — 020) = D Ex3(1) (16)
=1

1
(?12 |:_ 1_,212 0K2><K3‘| 174
022 OKgXKg 027,12

Remark 9. Proposition 4.1. shows that to compare asset pricing models with overlapping factors,

912

1
]) , and x2(1) are inde-
022

where &; are the eigenvalues of V <

pendent x*(1) random variables.

one can test the simultaneous nullity of the coefficients of the common factors (012 and Os).
In our reqularized setting, each parameter can be estimated separately. Their variances given in
Proposition 2 can be used to construct a classic Wald test. This option does not directly test the
nullity of the difference in HJ distances, but the equality of the SDFs of the two models. We
can also realize a test based on the HJ difference using the result (16). The &, may be positive
or negative, hence this test is a two-sided test. Moreover, it may lack of power against certain
alternatives, contrarily to the Wald test which is a consistent test.

4.2.2 Comparison of non-nested models with distinct SDF's

To compare two non-nested models with distinct SDFs (y; # y2), one has to rely on the distribution
of the aggregate pricing errors or 6 under misspecification. Hansen, Heaton, and Luttmer (1995)
and Kan and Robotti (2008) have already given the distribution of the HJ distance and the
modified HJ distance when models are misspecified.
Specifically Hansen, Heaton, and Luttmer (1995) showed, in the case of gross returns, that
when § # 0
VT = 6%) —L N(0,01)

T
1 /
where v; = var(ﬁ g @), @ =yr — (g —V'r])? =201y — 6%, and r{ is a N x 1 vector of gross
=1

returns. The term v is the Lagrange multiplier (v = E[r¢r{ | (E[rfy,] — 1x)) of the unconstrained
HJ distance saddle problem of Hansen and Jagannathan (1997).

Kan and Robotti (2008) adapted the results for the case of excess returns. They showed that
the modified HJ distance has the following distribution

VT = 6%) —% N(0,v,)

1

where vy = var( =

T
Z ¢™) and ¢™ = 42 — (i — v (re — piy))? + 20 1y — 6% with v is the Lagrange
t=1

5
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multiplier (v = V' E[ryy:]) of problem (6).

It is worth noticing that the distribution of the distance does not need to take into account
the uncertainty brought forth by the estimation of the Lagrange multiplier v.

Below, we give the distribution of the penalized HJ distance when models are misspecified. To

do so, we exploit the following expression of the penalized HJ distance (512)) derived from Section
3.2:

5129 = maz F [qf(yl)] ,

v1ERN
P _ .2 AN INY 1 Mo N . .
where ¢q; (1) =vy; — (ys — VI(N - W)) + QVIW +9(v1) and ¢ : RY — R is a concave function
representing the penalty, namely 1) (v1) = —a || v1 ||% for Ridge and 9(v,) = —a || v H?V’24 for
Tikhonov.

Assumption 6. For 0 < a < oo, ¢/ (v1) is differentiable on an open set N of vi, and

B | sup 1| Vel ) 1< o).

v1€EN
The previous assumption ensures the interchangeability between integration and differentiation

for any 0 < o < o0.

)
Proposition 5. Let 6, be the reqularized Hansen-Jagannathan distance with Ridge or Tikhonov
reqularization. Suppose Assumption 1-5 are satisfied and 6 # 0. AsT, N go to infinity and o goes
to zero, oT — oo, and o*T — 0,

VT (32 - 52> 4, N(0,vy4),

where .
Vg = N’Z%TOO Z FE (ltlt—j) ;
j=—o00
)Ty Py ) Ty Py n L VL .
and lt = 2ytV1N — ]\;2 — F |:2ytV1N — Vlﬁ} = 2ytut — uf — 52 + 2172 + w (Vl) , U =

7 ¥7le/N, and v, = X te.

Proposition 5 gives the distribution of the penalized HJ distance using the errors. The asymp-
totic variance v, can be estimated using a HAC estimator and replacing [; by I; :

/\/ A
Villy

N

o~ ~ PR A2 .
lt:2ytut_u?_5 +2 +¢<V1)

A~ ~] ~ A —1~ ~
where 2, = V,7,/N, i, = ¥'¢, and € = E rye)T.

t
It can be used to compare two asset pricing models as presented in the following proposition.
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2
Proposition 6. Let J, be the reqularized Hansen-Jagannathan distance with Ridge or Tikhonov
regularization. Suppose Assumption 1-5 are satisfied, y1 # ya, and 63,05 # 0. As T, N go to
infinity and o goes to zero, if a is chosen such that oT — oo and o*T — 0,

VT (Bl = 520) = 07 = 0D) =5 N10.),

where

T
1 - -
Vs = Nl%@ var _T E (llt - Z%)] )
e L t=1

~ ~ ~! r ~
~ 1 T / Tt’r't 1 Tt ’ TtTt .
where Iy = 2yM,tl/1N ~VMapp VML T E zyM,tVIN VM1 VM for M =1,2. ya is

the SDF' of model M and vy = Z_leM,whe{"e enm represents the pricing errors of model M.

When using Proposition 6 to compare two asset pricing models, one should use the same value

of the regularization parameter. We can use Proposition 6 to construct a Wald test of Hy : 5? = 6;,
~2 <2

2
wW=T (5 — 52a> U5 ', where 75 is a HAC estimator of vs.

la

4.3 Multiple comparison

In this section, we present a comparison test of multiple models. The test is based on the work
of Wolak (1989), see also Gospodinov, Kan, and Robotti (2013). Suppose we have p + 1 models
with HJ distance given by §;, ¢=1,...,p+1. We are interested in testing whether a benchmark
model (model 1) has an aggregate pricing errors as low as the other p models. Let d; = 67 —67, i =
2,...,p+1 be the difference between the HJ distance of the benchmark and the remaining models
and d = (dg de). The null hypothesis of the test is Hy : d < 0,. To have the same
framework as Wolak (1989), we rely on the fact that as N,T — oo and oo — 0,

VT (d — d) 5 N(0,, Q)

using Proposition 6. The latter is valid only when the models are misspecified, that is §; > 0, and
the models have distinct SDFs. The test uses the sample counterpart of d, d, = (dla . dpﬂa)
for a given value of a. Let d, be the optimal solution of the following quadratic programming
problem

mdm(cza —d)Qyt(dy—d) st.d<0,

where Qd,a is a consistent estimator of ; when N,T — oo and o — 0. The likelihood ratio
statistic of the null hypothesis is

LR, = T(do — do) Qg1 (do — da). (17)
The distribution of the previous statistics is obtained under the least favorable value, i.e.
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p
d = 0. We have LR, > pr—i(Qd)X2(i), where the weights w; sum up to one' and x?(i) are

=0
independent Chi-square random variables with ¢ degrees of freedom.

5 Monte Carlo Simulations

In this section, we run several Monte Carlo simulations to showcase the value of the regularization
schemes described previously. We describe the approach used to generate misspecified linear asset
pricing model with parameters calibrated to data. We generate the excess returns and factors

from a multivariate normal distribution with mean p and covariance V', where y = F {ft] = [’ul}

T Ha
ft‘| _ [Vn Viz
T B Vor Vo
of Gospodinov, Kan, and Robotti (2013) and choose p, such that the model is misspecified. The
pseudo-true SDF parameter 0 ; associated with the SDF ¢y, =1 — f; 6 is given by

and V = Var [ } . Without loss of generality we set ;i; = 0. We use the framework

Ors = (Vay Vg Var) " Vay Vg .

So, we have the following first-order condition Vi, Vi (Va105s — jiy) = 0. We set p1y = Vo105 + 2,
where z is N x 1 vector of constants. This implies that the first order condition is V,Vyy'z = 0.
A convenient choice of z is & = fiy — Vy; (Vi Vag Va1) Vi Vi L iy because Vi, Vigté = 0.

Without loss of generality, assume that f; = l?t} , where f1; and fo; are K1 x 1 and K3 x 1
2

vector with Ky + Ky = K. In order to verify the size of the test Hy : 0y ;1 = Ok,, where 0, is
the SDF parameter of the first K factors, we can choose

o s
I (Vo Vg Vot o)™ Wiy Vg ]

In the previous expression, V. = E[ry fét] is a N x K, matrix.

The parameters of the generated returns p, and V' are calibrated using a monthly dataset of
252 combined portfolios going from 1964 to 2019 extracted from the Kenneth French’s Website.
We remove portfolios with missing values. The portfolios list is presented in Table 8 in Appendix.

5.1 SDF parameter estimates

In this section, we analyze the small sample properties of the SDF parameter test. In the latter,
we are interested in testing whether a particular factor is priced in the returns (similar to a t-test).

! Appendix C of Gospodinov, Kan, and Robotti (2013) gives the procedure to compute w;(Q4) and the p-value
of the test.
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This corresponds to testing whether a SDF parameter is null. We compare the small-samples size
properties of our test with the one in Kan and Robotti (2008) using (4).

We simulate the three factor model of Fama and French (1993) (FF3), where the risk factors
are the market excess return (r,x), the return difference between portfolios of small and large
stocks (rsarp), and the return difference between portfolios of high and low book-to-market ratios
(ruar). The SDF is written as below

y=1—=0bnpt (Tmrt — E [rmre)) — Osnus (rsvup — Ersmpl) — Onmr (ravn — E [rawvz)) -

We also simulate the durable consumption CAPM (DCCAPM) of Yogo (2006) with the excess
market return, the log consumption growth rate of non-durable goods (Ac,q4,) and the log con-
sumption growth rate of the stock of durable goods (Acy,,) as risk factors. The SDF of the model
is

Yy = 1-— gmkt (kat —F [kat]) - Hndur (Acndur —F [Acndu'r}) - gdur (Acdur -k [AcdurD .

Finally, we simulate a polynomial type of model used in Dittmar (2002). The SDF of the
model is given by

Yy =10 (ka;t - K [kat]) - 9mkt,2 (Tfnkt ) [ﬂznkt}) - kat,?, (T?nkt - K [T;kt})

For each model, we ran the following simulation: we generate data with expected return such
that the model is misspecified, and one of the factors is not priced and estimate a full model with
it. After running 10000 simulations, we compute the empirical level and power of the test. We
set N = 251 and T' = 150, 350, and 650. For all the models, the theoretical HJ distance is around
1.02.

Table 1 reports the empirical size of the SDF parameter test using the approach of Kan and
Robotti (2008). We use the Moore-Penrose inverse of the covariance matrix when N > T'. For the
FF3 model, we noticed that the SDF parameter of the factors keep their theoretical size. For the
durable consumption CAPM, the tests concerning the macroeconomic factors represented by the
durable and nondurable consumption growth rate are oversized for all values of T'. The same size
distortion is observed for the polynomial model. The over-rejection of the macroeconomic variable
is pervasive (see Gospodinov, Kan, and Robotti (2014)). Therefore, we can conclude that taking
the generalized inverse does not guarantee appropriate test behavior when N is large.
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Table 1: Empirical size of Kan and Robotti (2008) test with 252 assets
T 10% 5% 1% 10% 5% 1% 10% 5% 1%

Panel A: Fama-French three factors model

Ot Osmp Ornr
150 0.101 0.048 0.010 0.102  0.050 0.010 0.104 0.051 0.010
350 0.094 0.048 0.009 0.098 0.048 0.009 0.098 0.048 0.009
650 0.095 0.049 0.009 0.097 0.048 0.009 0.097 0.048 0.009

Panel B: Linear durable consumption CAPM of Yogo (2006)

Okt Ondur 0 dur
150 0.133 0.072 0.017 0.478 0.395 0.256 0.474 0.394 0.253
350 0.126 0.067 0.017 0.269 0.185 0.082 0.267 0.182 0.078
650 0.109 0.056 0.012 0.131 0.070 0.016 0.134 0.072 0.020

Panel C: Nonlinear model of Dittmar (2002)

Okt Okt Ormkt,3
150 0.371  0.28 0.154 0.458 0.373 0.235 0.453 0.371 0.229
350 0.241 0.16 0.06 0.248 0.172 0.069 0.255 0.175 0.075
650 0.151 0.087 0.021 0.132  0.069 0.017 0.136  0.072 0.019

We use the Tikhonov regularization, through Proposition 2, to implement our t-test. We
choose the value of alpha, between 0.001 and 0.1, which maximizes the out-of-sample R? : we use
half of the sample as training data and the remaining as test data. Particularly, we choose the
smallest value of o for T' = 650. Table 1 presents the empirical size of the t-test for the factors in
each simulated model. For FF3 (Panel A), we notice that the rejection rate is always close to their
theoretical level. In addition, the Tikhonov regularization is able to correct the over-rejection of
the t-test in the consumption (Panel B) and nonlinear model (Panel C).

We now turn our attention to the empirical power of our t-test. Table 2 presents the rejection
rate of the factors when their SDF parameter is non null. For the FF3 (Panel A), the rejection
rate of the market (r,.x) and HM L factor reach more than 50% when 7" = 350. The power is
approaching 1 when T' = 650. However, the SM B factor requires much more time series data
to reach an acceptable power level, still lower than the level seen with the market and the value
factor. For the durable consumption CAPM (Panel B), except for the market factor, power is
lower compared to the FF3. The market factor has a higher rejection rate than the macroeconomic
factors.

The low power can be attributed to the strength of the factor, i.e. the number of portfolios’
returns significantly correlated with the factor. A low correlation between factor and returns
induces a low 3 and a bigger variance through the inverse of 6,2_16. Using an average of 442
individual securities and 145 factors, Bailey, Kapetanios, and Pesaran (2021) show that more than
60 percent of the factors are not significantly correlated to more than 55 percent of the securities.
This aspect needs to be taken into account in future work.

For the cubic model (panel C), the rejection rate of the t-test is better than in the consumption
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model. The market has the highest power followed by its square and cubic counterpart.

Table 2: Empirical size of Tikhonov test under misspecification with 252 assets

T 10% 5% 1% 10% 5% 1% 10% 5% 1%
Panel A: Fama-French three factors model
Okt OsmB O
150 0.099 0.047 0.008 0.109 0.056 0.010 0.100 0.049 0.010
350 0.102 0.051 0.010 0.125 0.068 0.016 0.111  0.059 0.013
650 0.100 0.051 0.009 0.114 0.060 0.013 0.123 0.070 0.015
Panel B: Linear durable consumption CAPM of Yogo (2006)
Okt Ondur O dur
150 0.084 0.037 0.006 0.053 0.021 0.002 0.056 0.022 0.002
350 0.095 0.044 0.008 0.087 0.041 0.007 0.084 0.039 0.007
650 0.111 0.059 0.011 0.078 0.036 0.005 0.081 0.038 0.006
Panel C: Nonlinear model of Dittmar (2002)
Okt Okt Ormkt,3
150 0.079 0.036 0.006 0.062 0.025 0.002 0.066 0.026 0.003
350 0.111 0.055 0.010 0.107 0.052 0.010 0.110 0.057 0.012
650 0.091 0.047 0.009 0.118 0.060 0.012 0.085 0.037 0.006

Table 3: Empirical power of Tikhonov test under misspecification with 252 assets

T 10% 5% 1% 10% 5% 1% 10% 5% 1%
Panel A: Fama-French three factors model
Omit OsmB Ounmr
150 0.518 0.385 0.168 0.122 0.064 0.015 0.448 0.323 0.133
350 0.822 0.729 0.493 0.163 0.097 0.025 0.763 0.651 0.403
650 0.968 0.936 0.814 0.301 0.195 0.071 0.957 0.915 0.775
Panel B: Linear durable consumption CAPM of Yogo (2006)
Okt Ondur O dur
150 0.309 0.200 0.063 0.066 0.028 0.003 0.062 0.025 0.002
350 0.471 0.355 0.165 0.109 0.058 0.011 0.107 0.053 0.010
650 0.805 0.706 0.470 0.098 0.049 0.010 0.173 0.095 0.023
Panel C: Nonlinear model of Dittmar (2002)
Okt Okt Ormkt,3
150 0.441 0.351 0.190 0.091 0.044 0.006 0.086 0.039 0.007
350 0.482 0.406 0.259 0.185 0.105 0.027 0.188 0.108 0.026
650 0.896 0.829 0.636 0.484 0.347 0.147 0.224 0.138 0.042
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5.2 Model comparison tests

In this section, we investigate the finite sample behavior of the pairwise and multiple comparison
tests. Table 4 presents the results.

Panel A presents the tests developed in Proposition 4. The latter tests the equality of two
non-nested SDFs. The simulated data are from FF3 and the nonlinear models. To evaluate
the size, we set the mean of the returns such that the non-overlapping factors have null SDF
parameters and the two models are misspecified. Then, we estimate each model. The Wald test
uses the estimated parameters as well as the variance from Proposition 2 to see whether the non-
overlapping factors have null SDF parameter, while the Weighted x? test uses (16). To analyze the
power, we set the SDF parameters of the non-overlapping factors to non-null values and repeat the
tests. The regularization parameter lies between 0.001 and 0.1. We choose o by running a single
model with all the factors and using (13). The results show that the two tests exhibit perfect size
control despite the squared and cubic market variable. This would not be the case if one uses
the approach of Kan and Robotti (2008) as the test overrejects for the polynomial factors. In
addition, the empirical power is high.

Panel B presents the test of equality of the HJ distances of two models when y; # 5. The test
uses the statistic of Proposition 6. To evaluate the size of the test, we simulate two misspecified
models with three factors. The two models have rgy;p and rgyy . For each model, we add the
market factor 7,,;; plus a normally distributed error mean 0 and variance 20% of the market
variance. This guarantees that the models have different SDF's and the same HJ distance of 1.026.
To evaluate the power, we simulate a misspecified model with the durable consumption factor
and a FF3 model. The durable consumption model has a HJ of 1.042. We observe that the
test is very conservative. This is not the case when N is small as shown in Gospodinov, Kan,
and Robotti (2013). On the other hand, it is able to detect the difference between the durable
consumption and the FF3 model. One must keep in mind that when comparing models, it is
essential to use the same penalization value. A small value of penalization provides maximum
power without compromising size, while a larger value diminishes it. This comes from the fact
that as the penalization increases the regularized HJ of the compared models decreases.

Panel C shows the finite sample behavior of the comparison test of multiple models. The test
uses the statistic (17). To evaluate the size, we repeat the same process as in Panel B. For p = 1,
we use two FF3s and for p = 2, three FF3s. To evaluate the power, we simulate a model with
the durable consumption factor (benchmark) and a FF3 for p = 1. For p = 2, we use the model
with durable consumption factor (benchmark), the FF3 and the nonlinear model. The latter has
a squared HJ distance of 1.029. We employ the a of the benchmark model to run the tests. The
results show that the Wolak test is conservative and exhibits high empirical power. Particularly,
the pairwise test (p = 1) has a higher empirical power than the Normal pairwise test of Panel B.
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Table 4. Model comparison tests

T 10% 5% 1% 10% 5% 1% 10% 5% 1% 10% 5% 1%
Panel A: Pairwise tests of equality of two SDFs
Wald test Weighted x? test
Size Power Size Power
150 0.039 0.012 0.001 0.207 0.115 0.026 0.067 0.031 0.004 0.261 0.169 0.055
350 0.082 0.036 0.005 0.567 0.425 0.191 0.093 0.045 0.008 0.504 0.396 0.207
650 0.106 0.055 0.010 0.901 0.830 0.625 0.104 0.052 0.010 0.774 0.702 0.522
Panel B: Normal pairwise test of equality of two HJ distances
Size Power
150 0.002 0.000 0.000 0.146  0.042 0.002
350 0.009 0.001 0.000 0.473 0.251 0.029
650 0.032 0.008 0.000 0.828 0.675 0.260
Panel C: Multiple comparison test (Wolak test)
Wolak test (p=1) Wolak test (p=2)
Size Power Size Power
150 0.012 0.002 0.000 0.358 0.137 0.007 0.000 0.000 0.000 0.206 0.061 0.002
350 0.036 0.007 0.000 0.706 0.433 0.076 0.028 0.004 0.000 0.563 0.296 0.031
650 0.061 0.015 0.000 0.925 0.825 0.434 0.034 0.01 0.000 0.869 0.724 0.292

6 Empirical application

For the empirical application, we consider the Fama and French (1993) model (FF3), the durable
consumption CAPM of Yogo (2006), and the nonlinear model of Dittmar (2002) as before, plus
the Fama and French (2015) model (FF5). The latter add two new factors to the FF3: the
profitability and investment factors. These two factors are built similarly to the value factor
in FF3. The profitability factor (Robust Minus Weak) is the difference between the return on
the robust operating profitability portfolios minus the return on the weak operating profitability
portfolios. The investment factor (Conservative Minus Aggressive) is the difference between the
return on the low investment portfolios (conservative) minus the return on the high investment
portfolios (aggressive).

For this analysis, we combined 252 portfolios formed on the firm characteristics such as size,
book-to-market, market beta, size, operational profitability, investment, earning/price ratio, cash-
flow/price ratio, dividend yield, and industries. These portfolios are from Kenneth French’s web-
We estimate the SDF
parameters of the four models and then compare their pricing performances. It is essential to keep

site. Table 8 of the appendix presents the details of these portfolios.

the same level of penalization to compare the models. We use a penalization level of 0.001 as the

simulations show it is adequate.
Table 5 presents the estimation of the SDF parameters of the four models. For the FF3, we
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note that the market and the value factors are the only priced variables. Their SDF parameters are
non-null with a confidence of 5%. For the consumption model of Yogo, the consumption variables
are not priced in the SDF. This model has an aggregate pricing error higher than FF3. For the
nonlinear model, no factor exhibits significant SDF parameters, and the level of pricing errors
is similar to that of Yogo. Finally, in the FF5 model, the size factor is significant. In addition,
the profitability and investment patterns are priced. However, the value factor disappears. This
outcome is in line with the results of Fama and French (2015), who argue that the value factor is
redundant as the model with the five factors does not improve upon the model with just the four
factors without HML. The model exhibits the lowest pricing errors.

Table 5: SDF parameter estimates under a misspecified setting

FF3 YOGO
Factors 0kt OsmB OrMmL Omkt Ondur  Odur
SDF 0.034***  0.016 0.051%* 0.025***  (0.348 0.507
t-ratio 2.807 1.063 2.541 2.226 0.575 0.646
HJ 0.123 0.139

Nonlinear model

Factors Okt O mkt,2 Omkt,3
SDF -0.033 0.066 0.273
t-ratio -0.263 0.243 1.063
HJ 0.138
FF5
Factors — Op,5¢ OsmB OumL OrMwW Ocma

SDF 0.046***  0.037**  0.009 0.086***  0.077**
t-ratio  3.806 2.118 0.321 2.888 2.138

HJ 0.100
sk x4 % indicate that the null hypothesis of unpriced source of risk is rejected at the 1%, 5%, and 10% levels.

We also examine whether the models exhibit different explanatory power, assessed through
the HJ distance. To achieve this, we initially perform pairwise comparison tests utilizing the
distribution of the squared HJ distance when N is large. Table 6 presents the results of the
tests. The results can be summarized as follows: FF3, YOGO, and the nonlinear model show no
statistically significant differences in pricing performance, as indicated by the high p-values for
the differences in squared HJ distance. Meanwhile, FF5 outperforms all other models. We also
augment the basic cubic model with the return on human capital (r!) as in Dittmar (2002). The
latter is a two-month moving average of the growth rate in labor income:

1 Lia+ Lo

T, = -1,
Y Lyo+ Lys
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where L; is the per capita labor income (difference between total personal income and dividend
payments divided by the total population). Specifically, we include cubic polynomial expressions
of rl. This model does not outperform the others in pricing. FF5 dominates it, though the
evidence is now weaker, with a p-value of 0.07.

Table 6: Tests-of-RHJ-Pairwise HJ distance comparison tests
YOGO Nonlinear Nonlinear with FF5

human capital

FF3 -0.020 -0.015 -0.011 0.023
(0.280) (0.278) (0.537) (0.069)

YOGO 0.0010 0.0039 0.039
(0.920) (0.820) (0.019)

Nonlinear 0.003 0.038
(0.780) (0.040)

Nonlinear with -0.035
human capital (0.073)

P-values are in brackets.

Finally, we implement the multiple model comparison of Wolak (1989). The test compares the
squared HJ distance of a benchmark model against the squared HJ distance of two or more models.
In turn, we consider each model as a benchmark and compare it against the others. For each test,
we remove alternative models nested by the benchmark model as Hj is verified by construction
(the benchmark has already lower pricing errors (HJ)). Within the remaining alternatives, we also
remove models nested by others. Finally, we remove alternative models that nest the benchmark
as the asymptotic normality assumption on d; does not hold under the null of d; = 0. For example,
to compare the FF3 against the other models, we remove FF5 from the alternative.

Table 7 presents the results of these comparisons. Each line represents the benchmark model.
For FF3, the p-value of 0.6 suggests that its pricing performance is not significantly different from
the alternatives (YOGO and the nonlinear model). For YOGO and the nonlinear model, the low
p-values indicates that these models are dominated by one of the alternatives. Finally, the null
hypothesis cannot be rejected for FF5. In conclusion, the FF5 dominates FF3, YOGO and the
nonlinear models.

Table 7: Multiple model comparison tests
~2

Benchmark p—1 0, LR p-value
FF3 2 0.123  0.399 0.601
YOGO 2 0.139 2.744 0.025
Nonlinear 2 0.138  2.105 0.042
Nonlinear with 2 0.135 1.608 0.077

human capital
FF5 2 0.100 0.4166 0.5834
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7 Conclusion

In this paper, we develop a measure of model misspecification when many assets are involved.
Specifically, we use Tikhonov and Ridge regularizations to extend the HJ distance. Our approach
consists of finding the distance between the empirical SDF proposed by the researcher and the clos-
est valid SDF that prices the returns with errors. The latter depends on a regularization parameter
that we choose using a data-driven technique through the out-of-sample R*. The regularization
permits to stabilize the inverse of the covariance matrix. Consequently, the SDF parameter can
always be estimated as the minimum of the regularized Hansen-Jagannathan distance even if N
is greater than 7'.

We also propose several comparison tests that used the regularized distance. These tests
compare the explanatory power of asset pricing models. As the paper focused on linear asset
pricing models, we have analytical formulas that can be simply implemented. We run extensive
Monte Carlo simulations to gauge the finite sample behavior of the various tests. They show
that our regularization method corrects the oversized nature of the classical tests proposed in the
literature when the number of assets is large.

There is room for improvement. There is a need to develop tests adapted to factors that
tend to have a low correlation with the returns. In addition, the methods proposed here are
only applicable to linear asset pricing models. So, inference on nonlinear models represents an
interesting extension. HJ distance is based on the second moment, it would be interesting to
consider other discrepancy measures based on higher moments as in Almeida and Garcia (2012).

8 Appendix A: Short review on regularization

Q<aa Mj)

1
A regularization method replaces the explosive eigenvalues of X', — j =1,--- N by SV
J

A7
where ¢ : (0, 4+00) x (0, mazrp;) — Ry is a bounded damping function such that
J

q(a, )

1. | |< ¢(a) for all p,

2. lin(L) :q(a, ) — 1 for any given u.

« is the regularization parameter and the expression of ¢(«, uj) depends on the regularization
scheme considered. Taking into account the damping function, the general expression of the
regularized weighting matrix noted (X) is given by

Efly_ al Q<a7:uj)

j=1

<Y,0; >N ¢,

where Y is a conformable vector.
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We consider two types of function q(a, p;).

1. Ridge regularization

In this regularization, ;1; = A; and the damping function is given by the following expression:

q(Oz, )‘j) =

/\j—f-Oé‘

This is the same as replacing the matrix X" by X' = (X + aly) ™"

2. Tikhonov regularization

It consists of replacing p; by )\?. In addition, the damping function is

The method consists in replacing ¥ by ¥ = (X% + aly) 2.

9 Appendix B: Proofs

9.1 Proof of lemma 1

N N
E(re;) = e +ey' B + pye + E[8f.f, 5] + 817 8 + E(ee,). Therefore,

E ! ’
tr(X) =tr <M> — tr(M). By Equation (3), we have

tr(E(rir)) = tr(ee’) +tr(ey' 8) + tr(Bye) + tr(BIBffi6]) + tr(Byy ) + tr(S,).

By Assumption 1, tr(%) = e [|3= O(1).
s
<
) < (St

(o fv 2% Ao tr(Bv7'8) =

From Cauchy-Schwarz inequality, we have | tr(

N2
comes from the fact | tr(AB) |< trAtrB when A and B are positive semi-definite matrices (see
By B
=0(1).
)~ oq)

58 B i) - o).

tr <77lﬁ/6> and tr (77]56> < \/ ((B by’ ) tr((v'y)?) < tr(ﬁjl\fﬁ)tr(fy’v).The last inequality

Bernstein (2009) ). As a result, tr(

Moreover, tr(E[ﬁfsf'gﬁ]) tr (
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We can conclude that )
T'tTt

tr(B[57]) = Elll re [[v] = OQ1).

For the mean of the returns , p, = e + 3. Therefore,

tr(papy) = tr(ee) + tr(Bye) + tr(ey' 87) + tr((87)(57) ).

Using the same arguments as before, we have tr('uj\’l;?) =0(1).
Therefore tr(X) = O(1). Hence the result.

9.2 Proof of Proposition 1

We transform the primal problem to be able to use the Fenchel-Rockafellar Duality. See Chapter
15 of Bauschke and Combettes (2017) or Borwein and Lewis (1992) as well as Korsaye, Quaini,
and Trojani (2019).
2r
Define X = | N
2

Let f, : L* — R be the function defined by f,(z) = E[(x —y)?] and A : L* — R"*! be the
operator such that A(m) = E[mX].

Let g : RV — (—00, + 00| be defined by g(x) = h(z;) + Xq23(7—1) where z = (zy,1_1) €
RY x R, x (2) is the characteristic function of the set {2}, i.e

0 ifax=2
X{Q}(if) = {

oo otherwise

N 2
and h(x) = a | = ||°.
Problem (7) can be rewritten as

O = inf {f,(m)+g(A(m))}.
It is straightforward to see that g is a convex function. Moreover, f, is convex as z — 22 is
convex and A is bounded. From Theorem 4.2 of Borwein and Lewis (1992), strong duality holds
if (ri dom(g)) ﬂ(m A(dom(f,))) # 0.2
The previous condition is met when Assumption 4 is satisfied. As Img € L%, E (mo — y)? < o0,
mo € dom(f,), and A(my) € ri A(dom(f,)). In addition, because E [2m] = 2 and || E[mgr] ||3<

2For a convex set S C RN, riS is its relative interior. The latter is the interior with respect
to the affinc hull of S, affS. Specifically, 7S = {xeS:Be(m)ﬂafngS}, where affS =

{bhx1 4+ -+ Opxp :21,..., 2, € 5,01+ + 0, =1} andBe(w)z{yeRN:||y—a:||<e}.
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oo, g(Almo)) = 7

(ri dom(g)) (\(ri A(dom(f,))) # 0.

The previous result implies that

2 1
I E[mﬁr] = o | E[mor] ||3%< oo and A(mg) € ridom(g). Finally,

2 - N * _ * *
5= — min {[;(-AW) + 5" )},
where f; and g* are the conjugate functions of f, and g respectively and A" is the adjoint of A.
Let us determine the relevant conjugate functions.
1 /
fo(2) = E{sup 2w — (w—y)Q} = E{zy+122}3, A* RN — L7 and A*(0) = X 0.
welL?
Finally g"(v) = h*(v1) + X{3(v2) as x and h are two independent functions. Their conjugates are

. * * o
given by X{2}(V2) = supxvy = 2v5 and h*(v1) = — || vy |*2
ze{2} N

. 2}
So, g°(v) = 202 + 5 0 |

Therefore
: r T virr' vy VT Q
0%, = — min E{ -2, — — gy — ——— — 12 91 YR [T
f v1ERN 1y€R { Iy T N2 2 N ATy [ vl
T V1T7“/V1 2 VIIT’UQ T 9
= mar FE < 2yv,— + 2yve — —vs—2 — 22U — — || v
v1ERN vo€R { y lN yra N2 2 N 2 N || 1 || }

Now, we use the fact that E[y] = 1. As a result,

/ ! /
ST VT Uy 9 Vv« 9
6% = mar E{2yr,— — = — vy —2 — — ||l

B RN boer 'N N2 2 Ny ol

which is the penalized version of (9). The resulting v, is given by
vi=C+al) le=3"e

and 0% = €'Y .
N
We can do the same for Tikhonov by setting h(z) = " | 2 ||% . The latter can be rewritten as
a

N 1 N z

h(z) = Q—n(x), where n(z) = 5 | 2 ||%. Therefore the convex conjugate of h is h*(z) = Q_R*(W)
[0 o AN
2c

. { ) w'Zw}
n'(z) = sup Jwz———¢.
weRN 2

3This comes from the definition of the functional conjugate of a convex function p.196 of Luenberger (1969) and
the use of Riesz Theorem in the L? space equipped with the usual inner product.

1 1
1To determine the conjugate of h, note that the conjugate of 3 | = || is still 3 | = ||* . In addition, if

f(x) = ag(x) + b, then f*(x) = ag"(%) +b.

30



/ —
2y 1z

The expression in brackets is maximized at w = ¥~ 'z. Therefore, n*(z) = . As a result,
. Q@
h(e) = e

9.3 Proof of Proposition 2

The proof of Proposition 2 uses the following lemmas.

Lemma 2. Suppose Assumptions 2 and 5 are satisfied. Then, || € F ||7= O,(NT), where € is a
T x N matriz with (t,i) element €.

Proof of Lemma 2.
We note Y, = etft/.

First,
_ i T ' T
€F 1 _ 1 .
£ T 7] = E|tr (Tzﬁtft> <Tzetft>
t=1 t=1
:EWKWZmeWZQM)}
L t#s
1 2
= TE [t’f’(Yeﬂ /1 ] + TZ (1- [ Yeflyef,w)}
=1
We have
”E[Yeftyef,t] = Eltr(ficef;)

= tTE[ﬁﬁe;et]

From Cauchy-Schwarz, | E[f, fie,&] |< \/E[H fo B[ € ||4] = O(N). Therefore,

1 N
=B [tr(Yp1 V)| = O(Z).
Using Davydov’s inequality (Davydov (1968), Rio (1993)) ® (with ¢ = = 2 + p),
°For any positive real numbers p, g, 7 such that 2; + é + % = 1, the covariance between two r.vs X and

Y is bounded as follows: cov(X,Y) < 12a(a(X),a(Y))%E [| X |q]% El]lY |’”]%7 where o(X) is the sigma algebra
generated by X and « is the strong mixing coeflicient.
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1=1 k=1
N K
< 1230 0 B fuea) ]
i=1 k=1
As a result,
5 T oy N K T ]
= 2 o
7= B VYo < 5 3057 Bl 17 31— g)an()
I=1 i=1 k=1 =1
oy N K
< B S B Yl
i=1 k=1
From Assumption 22, and Cauchy-Schwarz, | E[( firei)* ™) |< E| 4+2p]2E[ 4+2p]% < 2 E 7::2’)]%.
So,
T
2 N
72177 ) [tV Yopasn)| = O(:).
¢F N
Hence, £ [H — 3] = (T) In conclusion,
I €'F |[z= Op(NT).

Lemma 3. Suppose Assumptions 2 and 5 are satisfied. Then, || 5 — 3 ||2= O,(

B (V1Y) =

N K

>

1 k=1

E[(firen) (Frani€ins)]

-.
Il

COU(fklﬁu, fk1+z€i1+z)

).

Nl =

Proof of Lemma 3. Using the fact that || ¢ F ||%= O,(NT), we have

€F -

I (3-8) 17 =

- 15
€ F

< =Vl e+

H € F
T
= Op(

NT
77

-1
Vi

I _an I%

eF . B
+ T(V Y-V IIE
a3

| T(V”

, —

— Vi) lIF

el R = HF IVt = Vit I
NT 1

+ Oy 7)
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Therefore,

1(5-5) 1= 0()
(@)

Lemma 4. Fork=1,--- | K, Bk — ﬁkHN = p(ﬁ)
Proof As || # = 3 3= O,(), we have tr [(5— 8) (3~ )] = 0,(2).
K
([3 - 5)/<B - p) = Z((Bk - ﬁk)(Bk - 5k),)
k=1
As a result,
1 [ . . : I 1
N”‘ Z((Bk — B1) (B — Br) )] = Z | Be — B ||?V: Op(f)
k=1 k=1

L
S

Lemma 5. Under Assumption 3, we have the following result:

In conclusion, ||3,-B|lx = O,

s B 1
12378 = 2785 v= Op(—) + O(a?).

Proof of Lemma 5. We follow the proof of Lemma 3 of Carrasco (2012).
We have the following decomposition.

| S7B -8 B < 3052 (Be-8) I3 (18)
+ 3 (Bt - =) B I
+ 31 (2 =27 B Ik (19)
So,
. S g, \3)?
12 Iy = ZTJ(%@%
j=1 J
g(a, A7)?
< sup—— || ¢ |I%
i
A2
< Supq<a’2 i) < 1
j Aj @
Therefore, (18) is O (L)
) P aT .
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Let ¢ = ¥, '3,. For (19), we have

(B =) B3 = 152 (Ba-%a) 0 1%
IS 20 (B - 2a) 6 13

IN

where || E;l lop=sup || Z;1¢ ||In and

¢l v<1

zyz

J/#O J

7 (05 Y ) &

is the generalized inverse of 3.
We rewrite (f]a - Ea> ¢ as follows

(ia - Za)¢ = (f] - E)¢ + (ia - 2)925 + (Z - Za)¢

= E-%)o+ Y N (M) <§5w¢>N¢j

>

i/a70 g(a; Ag)
) 1
A A, :
+]/(ZZ¢O ( (Oé )\2) ><¢] ¢>N¢
Therefore,
| (Sa—Za)o |3 <3 [[(E=%)0 3
~92 2
a,)\j)> . 2
+3 ——— | (9;:¢
j/qz;éo ( Q(O‘7/\]) < ’ >N
A7) —
3 A2 ,
w2 (k) i
We have
(0. X3) =1\
PON AN A 7
%0 ”( a(a, \2) ) o)y = o j/%;o 3<¢j Oy
= 0(a?)
as 5, € ®3. As a result, || (ﬁ]a — ¥ 5= Op(%) + Op(a?) and || ( DI, )ﬁk 3=
1
Op(—) + O(a)
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Finally, the term (19) satisfies

(o =) 5 B = Z(%) ON Y
= @ Z)\2 )\2 <¢J’Bk>N

a? Z I <¢j’5k>N = O(a”

IN

as (3, € ®s.

Lemma 6. Let
1 & 1 &
Xrn=—= <THU >N= —= Yir N,

where u € RNisnot random and || u |y= O(1). If Assumptions 2(i) and 5(iii) hold, then

XT,N i> N(O, O'2>
when T, N go simultaneously to oo.

Proof of Lemma 6.

First, consider the case when {r;},_, . areindependent. From Assumptions 5 5, & [l 74 [exé | =
O(1) when N goes to infinity for p > 0. To establish the central limit theorem, we need to ver-
ify the Lindeberg condition for a double indexed process of Phillips and Moon (1999)(see their

Theorem 2). In our setting, this condition can be rewritten as

T
. 1 9
lim — E [K,T,NllYt,T.,NINT,NE} — 0
N, T—o0 UTN

t=1

1 Py
for every e > 0, with 07, y = Twar(—= ZYt,T,N) —p To% >0.

N
. Lo Yirn
To see that this condition is satisfied, observe that when | |> 1,
0T ,NE
Y2 Y2+P
p Lt TN t,T,N
€ < .
02 — 2+p
T.N or.N
Therefore,
2 2+p 2+p
g Y;&TNl <E YtTN1 < E Yirn
€ o2 [Yi,r,N|>01,NE 24p Vi N|>orNe| = 21p
T,N Or N O N
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Moreover

2+p
tTN . 1 . 24p]
N%ZE o | T AL TR gz S T >n ] =0
as oy = O(1), E [|< Fr,u >n|*™] < E[| 7 ||?V+p} | u ||57°= O(1)by Assumption 5(iii).

For the dependent case, by Davydov’s inequality (Davydov (1968), Rio (1993)) (with ¢ =r =
2 + p), we have

(1-= Y1,T,NY1+l,T,N]

”Mﬂ

T
1
UW(_ZYt,T,N) = lTN
VT 5

T
E[Yrn] +24 (E[| Yo 7)) % Z (1= 2)au(l)7

IN

T

E[Yl2TN] +24 (EH Yirn |2+p 7 Z 2+p
—1

IA

T
1
As a result, 0 < lem var( \/_ Z Yirn) < 0. In addition, the central limit theorem of Francq

and Zakoian (2005) applies because the Lindeberg condition (iii) of Page 1168 still applies when
N goes to infinity, see also Chang, Chen, and Chen (2015) for a similar application of this result.
Hence, X7y asymptotically converges to a normal distribution when 7', NV go to oo.

Lemma 7. Suppose Assumption 5 is satisfied. For any u,v € RY with || u ||s< 00 and || v ||ee<
o0, as N and T go to oo, if

T

D (< Fv >N< Fu >y —E (< Fv >y< Fou >y) |
t=1

0<o’, = lim var
’ N, T—o00

5~

then VT < (f) — E) v,u >y converges to a gaussian distribution of mean 0 and variance 012“)
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Proof of Lemma 7.We have the following decomposition of I

T
. 1 R N 1 o
Y-¥ = NT ; (10 — fig) (1¢ — flg) — NE[W%]
1 & 1
= ﬁ ; (Tt — Mo + fly — ﬂ2) (Tt — Mo+ flg — ﬂ2) - NE[ftft}
1 < 1 <
— ﬁ;(TtTt—E[TtTt]>+ N—Z
;| I
+ 7 ; (re — 113) (g — fiy)
1 R '
+N (/~52 - Mz) (M Mz)
Therefore,

Following Lemma 6, < v, (jy — fi5) >N \/_Z < T, u >n= Oy Z < v, Ty >n<
~ 1 \/_ 1
(fy — f1g) ,u >N= Op(ﬁ) and VT < v, (fy — fip) >n< (g —MQ),u >N= Op(ﬁ). As a result
<VT|L-% v, U >N= L {<v, 7y >N< T,u >y —F[< v, 7 >y< F,u >N} +Op(i)
VT &= VT

From here on, the proof is similar to that of Lemma 6. To apply the central limit theorem of
Francq and Zakoian (2005), we need

lim : supE[(< v, 7y >n< T, u >N)2+p] < 00

N—oo t

for some p > 0. This condition is met because of Assumption 5 5.
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Proof of Proposition 2
Consistency:
Recall that by Equation (3), we have

A

1 ) _
iz = Y m=e+B(y+in—m)+E
t
po = e+ Py

This yields the following decomposition of the Orrs:

!~ ~ Al A
~ o BEB | BB - R
+‘/111( N ) ! N <7+U1_U1)
Al A Al A
g3le BY e
A N

For the first two rows, (V7' — V;7%)y and V7 (i, — 11;) converge to 0 in probability by the law
of large numbers and Assumption 2 (i).

]kl,k2=1,-~-,K

~ Mg n
=< Bklﬂza /Bk:z >N;k1,k2:17...?[{ .

We have
< Bkl,i;%kz >y = < Bkl — By E;IBkQ - 2_15k2 >N + (21)
< Bkl - Bklazilﬁkg >N+ (22)
< By B3 B, — 5By, >+ (23)
< By X718y, >n —C (24)
+C. (25)

where C' was defined in Assumption 3. [(21)|<|| Bkl — B, Nl XA];IB,CI — X718, lIn— 0 as
N, T — oo, and aT — oo using Lemma 5.
For (22), we have

A N - 1
|< Bry, — Bryy B 16@ >N Bry, = By INIl X728, [[v— 0
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as N, T" — oo, using Lemma 4.
The same is true for (23).

Finally, using assumption 3, (24) goes to 0 as N goes to oc.

Al A

lEp ot

— (C'as N,T — oo, T — 00, and a — 0.

FSi8-5) B BB
N N N

In conclusion,

P
— 0 as

Using the same argument as before, we have

N, T — oo, aT — oo, and a@ — 0.

Al A

By, le
N

, we have 2;15 RN Y713 when as N, T — oo, and oI — oo. Moreover, 5/~ "te =0

Al A

pyle p
N Y

For

as the first order condition of (2). Therefore when as N, T — oo, and a1 — oo,

The same is true for Bli;IE, which converges in probability to 0 as N, T" — oo, and o' — oo.

Distribution:
We detail the proof of the asymptotic normality proof for Tikhonov estimator. The result for
ridge could be shown similarly. We analyze the decomposition (20) using the following results:

Al A ~
LY

e Note that Cs = and we already have shown that Cs — Cjs Lo K K-

. Blf]a_le —(B-pB)Ste+ 8 (3 =2 e+ g'Nte. The last term is Ox; as the population
first order condition of (2).

e We have
(- Ne = 32, —2)x e
= A3, - -D+E)n e
SR Il OIRD 3) ) SusCRCE Yl 0 SANED 3 Dad
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Therefore,

VT (ézj — HHJ> +VTVIC B (2,

— o)t (26)

e
N

= val{—ﬁ% = Vi)Vii'y

1 3 e, f, )
—\/TZB C]“thV Ny iy — )

We need prove the asymptotic normality of each component of (26) to get the result of Propo-

sition 2.

e Note that

VT (Vi — Vi) Vi™y

%Z(ff HI =" )+/~6 — i %Z ) On1s
%Z — [12) Ons

+\/T(M2 fig) (fro U2) On.

% > (ﬁftleHJ - 7) +0p(1).

e Normality of the second row comes from assumption 2.

e For the third row, ji, St 1y

and — Z e, Vit(y + fi; — p1y) has a gaussian distribution.

\/_
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To see this, we have

Al A - ~
1 BYref o . )y
ﬁ; N : tan(V"‘M — ) = N \/—Zﬁtft 1 (27)
1 —
+ _TZ SVt = Vit oy (28)
t=1
1 I
- JT Z 1l — 1) Vﬁl'Y (29)

- f Zetftvn f1y)] (30)

The term (28) can be rewritten as 7 2 S —— (V7' = Vi7)y. From Lemma 2, || € F ||%=

O,(NT). So || € F |>= O,(NT). From Lemma 5, || £;'3, — Z7'6, ||[x— 0,as : N,T — oo, and :

Vit = ViiYy |I?= Op(=). Therefore, (28) is 0,(1) when N, T — oo

aT — oo. In addition, || ( T

and o' — oo.

Using the fact that 0z, = V;;'v, we can rewrite (29) as

e 1 < ,
(52;1—52 )N\/_ O(fty — pq) <ﬁ;<21576t >N) (f1g — p1y) Vﬁl%

Oy
/ 1
with © = | : | isa T x K matrix. We have || € © ||>= Op(N), || it; — iy ||°= Op(f). As a

— f11) is 0,(1) when N, T — oo, and : a1 — 0.

N\/_ Ol
Using Lemma 6, \/_Z < Y186 >nis Oy(1) as || '8 ||v< oo and ¢ has the same

characteristics as 7. Then the second term is 0,(1) when N,T — oco. Therefore, (29) is 0,(1).
For (30), we can rewrite it as

N (5 ZEI - 2_1>(5 - 5)(,&1 - M1)-

From Lemma 3 and 5, the expression is 0,(1) as N,T" — oo, and a1 — oo.
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Finally, (27) is equal to

T

1 (A/A,:l fa—1 - 1 1 M1
—= (B =B PVl + = > < TR af, Vi >w
NVT VT =

The first part is op(1) when N, T — oo, and oT — oo. For the second part, Vm € RE

T
1 o
JT Z <ETBm, e f,ViTty >n
t=1

T
1 ~
converges to a normal distribution by virtue of Lemma 6. Therefore, ﬁ E <Y B, f,Viity >N

has a gaussian distribution when N, T — oo by the Cramer Wold device.

T &
¥t
g f t € has a gaussian distribution by using the following decomposition

3\

T T IS
ftetZ e 1 1€, ¢€
IZ: = V' FL Ty (31

e e
= (V- Flese (32)
NVT
1 T
+ N—ﬁvﬁl(/h — )Y eXle. (33)

By Lemma 6 and the Cramer Wold device, (31) converges to a gaussian distribution. Using
Lemmas 2 and 5, (32) and (33) are 0,(1) when N, T — oo, and oI — oc.

e Asas N, T — oo, « — 0 and o — oo, the normality of ﬁﬁlf];l(f] — 2)2_1% comes
from Lemma 7. Indeed,

_VTES S - DEC 4 0,1).

\/732 OIS 3} i ¥

L€
N
Using the proof of Lemma 7 , we can rewrite < ¥ 713, \/T(f] — E)Z’le >y as

T
< X1, VT [Z — Z} Yle >y = — Z <7, Y te >ny< 7, 78 >

\/_ t=1
—E[< 7, X7 e >ny< 7, BB S]] 4 0,(1).

This term is asymptotically gaussian.
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~2
fieq € ~ [ 1—=qla, X))
By, (Yo — X)X IN: )‘J( ) ! <¢]a2 e >n< %;E lﬁk >N
i/a#0 qor, Aj)
1 N R
SO‘Bk (Za_z})zil%‘:&‘ 5\_<¢]7E e >n< ¢j72;15k >y| . We have
i/a#0 "I
2
1 . 1
| Z <0, 5 e >n< 0,58 >n < [ D) T <0nT le >2, Y = <9E ey
i/a#0 Aj j/q#0 I §/q0 N

< o0

as B, e € y. So, || VIBE (S0 — 2)2—1% 2= 0,(a2T).

In conclusion, the term VT8 31 (2, — 2)2’1% is 0,(1) as N, T,aT — oo and o*T — 0.

Using the previous results, we have

VT (9§U . eHJ) VLA o)1),

where

A (_
T -
t=

1 ~eX e / 1 TyT Y 1 < Aol
+—=> V' fit —BSN=) (g — =) et > .
VT &Iy TR 2 et ) VT4 N

t=1 1

1
= Tth

T ~r
1 1 €S O0mg
__E :52 122Je7 47
vT t=1 N

3/~

t=1

fo£9ﬂJ+7) +%Zf+cﬁ—

T3
and
il = 1. € 2_16
b= —Ffbus v+ fo— O tft A
e e 1 BEle 1 Bx e

As all the components of A are normally distributed, we have

ﬁ (éiIJ - 6HJ> i N(OKa ‘/1;19‘/1;1)7
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T
. 1
where ) = N?%Toovar [ﬁ Z ht] )

o A
Using the fact that y, =1 — f,0y; and noting @, = It e, h; can be rewritten as follows
: C;lp= . L raEle
hi = fiye + v + T(tht — Tyl +e) + Cy Vi ftT-

9.4 Proof of Proposition 3

The proof follows closely that of Proposition 3 of Kan and Robotti (2009).

52 _ 52 1o X 11y B X" Wary ((Vig X Wars - Viea X g _
L2 N N N N

1Sy Y Vars (Ve X MV T Vi X,

N N N N

The population SDF parameter of models 1 and 2 are respectively
0, = (‘/'12,1271‘/21,1)71‘/12271}!2

and
0y = (‘/12,22_1‘/21,2)_1‘/12,22_1%-

Therefore

(‘/12’22_1‘/21’2)6’ _ ‘/12,22_1%
N 2 N

Noting that V5,9 = [1/2171 ‘/21,7'} where V5, is the remaining of the matrix V5; 2 and

I I
Vorq1 = [V21,1 V21,r] [OKK;] = Vo192 [ K ] )
3,1
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we have

5% B 53 _ 9/2 (V12,2E_1V21,2) 0,

N
. Viea X War 1\ ! ~
18> 1V ( 12,1 N 21,1> Ok, s ” D 1#2
N V22 12,27
0K37K1 0K3,K3
0 (V122X War o
= 0, == =10
2( N 2
Viga X W\ _
0 (‘/12,221‘/21,2> (%) Oy i | V2,22 1‘/21,2) 0,
o\ —/ = — T E—
N N
OK3,K1 0K37K3
0 (Vi X Va1
= 0, =210
() e
<V12,121VQ1,1) (‘/12,121‘/21,7")
g N N 0,

‘/12,1271‘/21,r , ‘/12,1271‘/21,7‘ , ‘/12,1271‘/2171 - ‘/1271271‘/21,7"
N N N N

V12,r2_1v21,r_ ‘/12,12_1‘/21,r / ‘/12,12_1‘/21,1 ! ‘/12,12_1‘/21,7«
N N N N

!
o —1
= 05905 59002.

= Oy 022

If Cy 3, is full rank, 67 — 63 = 0 if and only if f5, = 0. This is the first result of Proposition 3.

For Tikhonov, under the hypothesis 5y = 0, z = VTV (05,) 205, > N'(0, Ix,) as T, N and
oT go to infinity and o®T goes to zero.
T(gia - (Aiﬂ) = T@;;C’;%Qa@; = z,V(@SQ)%CA’ZglaV(é;)%z. CA'2_721270( converges in probability to
Oy, 1, s C’{ 55 , & function of (5 which converges to Cy when N, T and o7 — oo and a — 0 (see

the proof of the consistency of é’?{ 7)- Therefore

d / A1 _ A (1
T((Sia - 5%,0) —Z V(‘922)202,212V(922)2Z-

The results follows from the singular value decomposition of V(@;)’%C;’ 212‘/(@;2)’%.
9.5 Proof of Proposition 4

The proof of Point 1 follows from Lemma 3 in Kan and Robotti (2009).

12}:w:ﬁv<

0
Now, consider Point 2. For Tikhonov, under the hypothesis { 0
22

o) "0 o
922 922

N(0,I,) as T, N and o — oo, o*T — 0, and « goes to zero. Moreover,
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!
oY
912
e

A—1
922 OK3><K2 02,22,a

= 2V ?é? 2
032

The results follows from the singular value decomposition of

1% 922 1% 922 2.
922 922

9.6 Proof of Proposition 5

A1
—by) =T —Clana Okoxks
2.« -

i,
022

A—1
_01,22,a 0K2><K3

-1
0K3><K2 O2,22,a

[NIES

A—1
OK3><K2 C2,22,a

A—1
[_01,22,a OszKg

: T Vi eV ViaV1a
: ViF VA T vhou V'l
For lehonov, P Via) = 2 la _ e t”la 2 lal2 . la @ .
 (V1a) Yt N 2 N N

We use the following decomposition of VT <3i — (52>:
VI(8-6%) = VT
T

+ VT (E [Qf(yla)
+ VT (52 -7 (36)

As E [af (714)] is concave, we have VT <E [af (71a)] — E [qf(yla)}) < VTVE laf (V1a)] (P10 —

V1a). The term VE [af (v1a)] is the Fr chet derivative of E [a (v1a)] at v14 and is an operator
from RY to R defined by

T ~
- 1
VE [Qf(’/la)} h = T § [2% <7rp,h >y —2< —T]thVla, h >N:|
t=1

+2 <y, h >Ny =200 < Vi, h >N .

As VE [qf(um)] = 0, Assumption 6 implies F [2%2 _oltliM1a + of2 2gy1a = 0 and

N N2 N N
T 'th;VIa

o
% - Nyla =-F |:yt_ -

N e ] for Ridge, while a similar formula holds for Tikhonov
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Therefore, for Ridge and Tikhonov,

VTVE [qtp(y“{aﬂ (P10 — Via)
2 | 7 =1
t t A~
- = L Byt o= Vla 37
T; ytN [ytN]] (Vl Vl) ( )
2 < 7 o
4 th¢ / th¢ N
. St ik} o= Vla 38
=3 e B ) (38)
We have
| 10 —via Iy = [ 25'¢ =S e ||n
= |te—v e+ le -2 e ||
< [ =te—-3te|ly
+ |27 =2 e [[v=0,(1)

when N, T', o — oo and o — 0. So, (37) is equal to

T

while (38) is bounded by

|< ﬁ(i — E)I/la, ﬁla — Na >N|

when N, T, o' — oo and a — 0.

IA A

T -~ - !
2 T T .
=3 (w5 = & [ ) Il 220 = vl

IVT(E = %) Inll via vl P10 = v1a In
VTS =) [Iwll w1 vl P10 = v1a [y
Op(l)v

Therefore, as N, T, oT — oo and o — 0 , VIVE [af (V1a)] (P10 — V1) = 0,(1) and hence

(34)=0,(1).
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Term (35) can be rewritten as

Wi Z {Qytz/lla% — V;a%yla E {Qytylla;\t[ VllaZi;;t H =
1 d 2, T
ﬁtzl ytVlN \/—ZQ?/:: (Via — V1) -
<VT(S = ) (V1a — 1), V1a — V1 >N -
2<ﬁ(ﬁ3—2)y1,1/1a—yl >N —
<VT(E - )i, v1 >n

ASN, T - occand a — 0, < VT(Z — 2)(v1a — 1), V10 — 1 >8<|| VT(E =) |Inl
Via — 11 ||3— 0 and < VT (S = Sy, v1a —v1 >v<|| VTS = )y ||| via — 1 ||lv— 0. So (35)

/ 7“
is equivalent to — Z 2yvq L —i— <T (Z Y)v1, v1 >n which converges to a normal distribution

using Lemma 6 and 7
Therefore, Equation (35) converges to a normal distribution with variance

T o
. 1 /T rtrtul /T TeT, V1
N?%eroovar ﬁ tg 1 2yty1N Vit T E Zytl/lN Y1 .

Finally, we have

VT (02 -0 P = T<e (S-S Ye>%.
<T <Y 'e,(Z—-%,)X te>%.

For Ridge, we have T < ¥ e, (¥ — 5,) X te >3= o’T < X 'e, X7 te >3 < T || &7t ||3=
O(a?T).

For Tikhonov, we have

<Yl (T -%)Ele>y = Z(Aj— jx )(qu,z;le)N(qu,z—le)N
= —aZ 3 (05 Za (@5, 2 )

QZV@,E N2 (05,55 )y = 0(a?)

J

<2 e, (B — 34 S e >y

IN

as e € ®3. Therefore, | VT (62 — &%) [>= 0(”T).
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9.7 Proof of Proposition 6

The distribution of the difference of HJ distances follows from Proposition 5, which gives the
distribution for each model.

10 Appendix C: List of the Portfolios used in the simula-

tions

Table 8: List of portfolios
25 Portfolios Formed on Size and Book-to-Market

49 Portfolios Formed Industry

25 Portfolios Formed on Size and market beta
10 Portfolios formed on Industry

Portfolios Formed on Operating Profitability
Portfolios Formed on Investment

Portfolios Formed on Size

Portfolios Formed on market beta

Portfolios Formed on Book-to-Market
Portfolios Formed on Earnings/Price
Portfolios Formed on Cashflow/Price

Portfolios Formed on Dividend Yield
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