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Abstract

We provide a shrinkage type methodology which allows for simultaneous model selection
and estimation of vector error correction models (VECM) when the dimension is large
and can increase with sample size. Model determination is treated as a joint selection
problem of cointegrating rank and autoregressive lags under respective practically valid
sparsity assumptions. We show consistency of the selection mechanism by the resulting
Lasso-VECM estimator under very general assumptions on dimension, rank and error
terms. Moreover, with computational complexity of a linear programming problem only,
the procedure remains computationally tractable in high dimensions. We demonstrate the
effectiveness of the proposed approach by a simulation study and an empirical application
to recent CDS data after the financial crisis.

Keywords: High-dimensional time series, VECM, Cointegration rank and lag selection,
Lasso, Credit Default Swap
JEL: C32, C52

1. Introduction

Complex financial systems are dynamic, high-dimensional and often contain a large
number of non-stationary potentially cointegrated components. Examples include the de-
gree of interdependence of corporate debt among different banks and its interplay with
sovereign debt, both measured as a large system of credit default spreads (CDS), but
also risk analysis for large-dimensional portfolios containing many different nonstation-
ary elements such as exchange or interest rates in the presence of a limited number of
applicable observations during crisis times. Generally, the standard tool to handle mul-
tivariate nonstationary time-series has been the vector error correction model (VECM)
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as introduced by Engle and Granger (1987). But even for settings with a fixed number
of dimensions mildly exceeding two, existing econometric techniques for VECM often fail
to provide accurate, testable and computationally tractable estimates, e.g. sequential Jo-
hansen tests (Johansen, 1988, 1991) and refinements thereof such as e.g. Xiao and Phillips
(1999), Hubrich, Liitkepohl and Saikkonen (2001), Boswijk, Jansson and Nielsen (2012),
Cavaliere et al. (2012). In the high-dimensional case of the examples before, however, also
information criteria based techniques such as Chao and Phillips (1999) are no longer appli-
cable and novel types of methods are required which need a completely different statistical
analysis. Such techniques are important for understanding the explicit interplay of differ-
ent market components in order to judge their systemic importance and market relevance.

In this paper, we provide a Lasso-type technique for consistent and numerically ef-
ficient model selection when the dimension is allowed to increase with the number of
observations at some polynomial rate. Model determination is treated as a joint selection
problem of cointegrating rank and VAR lags. In this case, we exploit a sparse model struc-
ture in the sense that from a large number of potential cointegration relations, in practice,
only a small portion of them are actually prevalent for the system. In the same way, a
small and fixed number of VAR lags is considered sufficient for a parsimonious model
specification. Within this maximum lag range, however, our model selection technique is
independent from the lag ordering detecting non-consecutive lags. We show consistency
of model selection by the proposed adaptive group Lasso-VECM estimator requiring only
weak moment conditions on the innovations allowing for a wide range of applications.
Moreover, we also cover the case of weak dependence in the error term and obtain rank
selection consistency despite the fact that least squares pre-estimates of the cointegra-
tion matrix are inconsistent in this case. As a by-product, we also derive the statistical
properties of the obtained Lasso-estimates for the loadings. A simulation study shows the
effectiveness of the proposed techniques in finite samples treating cases of dimension up
to 50 with realistic empirical sample sizes. In the empirical example, the new techniques
allow us to study a joint system of 15 credit default swaps (CDS) log prices of European
sovereign countries and banks - for which there has been no theoretically valid and feasible
model determination technique in the literature so far.

Our work builds on the excessive literature of VECM as summarized e.g. in Liitkepohl
(2007) as well as on results for Lasso-type techniques from the standard i.i.d. setting
originating from Tibshirani (1996) and Knight and Fu (2000). In particular, we employ
ideas from adaptive Lasso by Zou (2006) for improved selection consistency properties
by weighted penalties and use the group structure as in Yuan and Lin (2006) for group-
Lasso which allows for simultaneous exclusion and inclusion of certain variables. For the
high-dimensional case, consistency results for Lasso have been developed by Bickel, Ritov
and Tsybakov (2009) , Zhao and Yu (2006) and in a group-Lasso case in Wei and Huang
(2010).

Our proposed technique is particularly related to a recent literature which uses Lasso
in a high-dimensional time series context. Kock and Callot (2015) and Basu and Michai-
lidis (2015) provide model determination techniques in a stationary high-dimensional VAR
context. There has also been a recent empirical literature which employs Lasso-type pe-



nalizing algorithms for VECM without mathematical proofs, see Signoretto and Suykens
(2012), Wilms and Croux (2016). To the best of our knowledge, comparable settings of
determining cointegrated time series have only been investigated in three recent theoret-
ical papers by Liao and Phillips (2015) in fixed dimensions and Zhang, Robinson and
Yao (2018) and Onatski and Wang (2018) in high dimensions. In particular for fixed di-
mensions, Liao and Phillips (2015) are the first to propose a Lasso-procedure for VECM
with theoretical proofs. Their procedure, however, penalizes the eigenvalues of a generally
asymmetric matrix which limits the applicability of the technique to specific fixed dimen-
sional settings. Zhang, Robinson and Yao (2018) provide statistical results for a factor
model dealing with high-dimensional non-stationary time series with a focus on forecast-
ing without employing a VECM structure. The focus of Onatski and Wang (2018) is not
on model selection consistency but on asymptotic distributions of the eigenvalues.

The rest of the paper is organized as follows. In Section 2 and Section 3, we derive the
Lasso objective function in a VECM specification in order to determine the cointegration
rank and the VAR lags. The consistency results will be derived. Section 4 extends the
previous econometric analysis to a more general setting with non ¢.7.d. innovations. In
Section 5 we study the finite-sample performance of the method in several simulation ex-
periments. We also provide an empirical application to CDS data for European countries
and banks in Section 6. Section 7 concludes. Proofs for Sections 2 and 3 are contained in
the Appendix. Proofs for Section 4 and technical Lemma are in the online supplementary.

Throughout the paper, we use the following notation. For a vector x € R™, the [,

norm is defined as |[z[l; = /272, 27 and [[7]| = Sup; ;e |75] is the Iy, norm. For a

matrix A = ((4;;)) of dimension m x I, ||A||r = 4/, Z;Zl A?; denotes the Frobenius

norm and ||A||; = sup{||Az|| : x € R! with ||z||» = 1} the l; norm. Besides, we denote by
A;(C) the j-th largest eigenvalue of a square matrix C' in absolute value, where as o;(A)
is the j-largest singular value of A, ie. 07(A) = X\;(A’A). Without loss of generality,
we assume the sigualr values to be non-negative for notational convenience. We use
vec(A) = A}, AL, ..., A | for vectorizing a matrix A by stacking all columns where A.;
is the jth column in matrix A. For rank(A) = [ < m, the orthogonal complement to a
matrix A is defined as A, = {U € R™*(™V|U’A = 0}. For an orthonormal A, of A it
holds that A, € A, and in addition that A A} = I,,_.

2. Cointegration rank selection

2.1. Set-up and fundamental results

We consider a general VECM set-up with unknown rank and general lag order which
both enter the model selection problem. Thus complete model specification amounts to
both rank and lag order determination.

In particular, we consider an m-dimensional I(1) time series Y;, i.e. Y; is nonstation-
ary and AY; = Y; — Y, is stationary for t = 1,...,7T in the following general VECM
specification:

AY, = IIY,_1 + B1AY,_1+ -+ BpAY,_p + wy (1)



fort =1,...,T, where By are m x m stationary lag coefficient matrices for k =1,..., P
and II is the m x m cointegration matrix of rank r with 0 < r < m marking the number
of cointegration relations in the system. In case of r = m, all the components in Y,
are stationary, which is not relevant to our non-stationary time series setting. II can
be decomposed as Il = «af’, where 5 € R™*" constitutes the r long-run cointegrating
relations and a € R™*" is a loading matrix of rank r. This decomposition is unique up to
a nonsingular matrix H, so only the space of cointegration relations is identified but not
(5. Without loss of generality, we set 3 as orthogonal, i.e. '8 = I,.

Our setup is high-dimensional, thus both, dimension m and cointegration rank r, can
grow with sample size T'. This treats the practically most important case, as e.g. for
large dimensional portfolios with nonstationary components like credit default swaps or
exchange rates the number of relevant cointegration relations might increase with sam-
ple size. Also from the technical side, this is the interesting innovative case, treating
high-dimensionality in the nonstationary parts. For the stationary transient components,
however, we set the maximum possible lag length P as sufficiently large but fixed inde-
pendent of T', such that it is an upper bound for the true lag length p, i.e. p < P. In this
case, Byy1, ..., Bp are all zero matrices. A fixed P or p is chosen for convenience to keep
proofs to a minimum with no apparent restriction for practical problems. An extension
to P or p increasing with 7" would be technically straightforward and covered by standard
arguments for stationary components (see e.g. Basu and Michailidis (2015)).

In the following, we work with the matrix version of (1)

AY =Y., + BAX + W (2)

where AY = [AY&, ce ,AYT], Y—l = D/O? ce 7YT—1]7 B = [Bb ey Bp], W = [wl, c. ,wT],
and AX = [AXy,...,AXr_1] with AX,_; = [AY,,,...,AY! ,]"

For model selection, we disentangle the joint lag-rank selection problem by employing
a Frisch-Waugh-idea in the VECM model (2). With this, we obtain two independent
criteria for lag and rank choice which can be computed separately. For rank selection,
the partial least squares pre-estimate II can be obtained from the corresponding partial
model when removing the effect of AX in AY and Y_; by regressing AY Ma, on Y_ 1 Ma,
with Ma, = M = Ir — AX'(AXAX')"TAX. Therefore, (2) is equivalent to

AY, = af'Y,_ | + W (3)

with components AY = AYM , }7_1 =Y M and W = WM. Thus model selection is
reduced to rank selection only in (3).

Given the high-dimensional set-up, we allow for very general error terms w; not im-
posing any specific distributional assumption but just requiring moment assumptions to
be satisfied which is key for the practical applicability of the procedure.

Assumption 2.1. For the error component w; in (1) exists a representation w; = E}U/Zet
where the elements satisfy the following conditions
1. e is a sequence of independent copies of e with E(e) = 0 and E(ee’) = I, and
independence also holds for all elements in e;, i.e. for k # 1 and k,l = 1,2,...m
E(eflel) = 0 where ef denotes the k-th element in e;.
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2. Each element in e fulfills E(|e*|**°) < oo for some § > 0 and all k < m.
3. For %y, = (Buwjk)jyy there ezist 7, > 0 and 0 < K,, < o such that max;<m, D B k] <
Ky, and \p(3y) = 7.

The requirement of i.i.d. components in the error term representation allows focusing
on the key aspects of our Lasso selection procedure in the high dimensional set-up while
keeping technical results to a minimum. In Section 4, we show how this Assumption
can be generalized admitting linear forms of weak dependence. Such a general setting,
however, requires a proof for a general strong invariance principle which is key for our
consistency results but not available under weak dependence for high dimensions in the
literature so far.

From the first two points in Assumption 2.1, ¥, denotes the covariance matrix of
wy. The third point imposes a sparse structure and ensures positive definiteness of ¥,
through bounding the smallest eigenvalue of ¥, away from zero. This sparsity condition
is satisfied if X, is a banded diagonal matrix with off-diagonal entries far away from the
diagonal decaying to zero fast enough (see e.g. Bickel and Levina (2008)). In practice,
this seems plausible e.g. in the case of sovereign CDS as treated in the empirical example
that geographical distance between countries implies such a cross-section decay structure
in the innovations naturally.

Our shrinkage selection procedure for the cointegration rank is based on a least squares
pre-estimate of II from the Ma,-transformed VECM equation (3)

= (avan,) (YlMY’l)_l (4)

of the cointegration matrix IT whose statistical properties rely on the decomposition of the
transformed Y; into a stationary and a non-stationary component. Such a representation
generally exists under the following assumptions (see Engle and Granger (1987)):

Assumption 2.2. 1. The roots for |(1 — 2)1,, =Tz = 37| Bj(1 — 2)27| = 0 is either
|z =1 or|z| > 1.

2. The number of roots lying on the unit circle is m — r.
3. The matriz o/, (I,,—>_| B;)B1 is nonsingular with ||(o/, (Ln—>F_, B;)B1) |2 < 0.

The last point of Assumption 2.2 is a stronger version than in fixed dimensional case
which requires that the smallest singular value of o/, 5, to be significantly different from
zero, which is equivalent to that the basis generating 5 can not be close to any of the
basis of a .

It is well known that for the standard low-dimensional setup with fixed m in (1)
and Assumptions 2.1 and 2.2, the standard least squares estimator in (4) is consistent
(see e.g. Liitkepohl, 2007). In our high-dimensional case, however, we need to explicitly
derive its statistical properties. These are key for the construction and validity of a Lasso
cointegration rank selection procedure in this paper.

Thus we require the following assumptions reflecting the high-dimensional setting. In
the subcase of fixed dimension m, these conditions are trivially fulfilled.



Assumption 2.3. 1. All singular values oj(c) of a fulfill 0 < o (a0) < --- < 0y(e) <
o and there exist 71 > 0 and K1 > 0 such that

ro.(a) = K .

2. For B, = (By(i,7))i%-, it holds that maxi<; j<m | Bp(i,j)| = 5 > 0 with ep > 0 and
for B defined in (2) there exists a positive Kg < o0 such that || Bl||s < Kp.

With both dimension m and cointegration rank r increasing with sample size, o/«
converges by construction to a compact operator of which the spectrum is well-known
to have zero as an accumulation point (cp. Zhao and Yu (2006)). Since therefore the
smallest singular value of « in (3) has a converging subsequence to zero, Assumption 2.3
connects the admissible rate of divergence of the rank r with the rate of decay in singular
values of « (cp. the high-dimensional factor model literature, e.g. Li, Li and Shi (2017)).
Thus for deriving statistical properties of corresponding estimates in this set-up this rate
that o,.(«) decays to zero restricts the rate at which r can increase with 7. We generally
denote elements as relevant if they are non-zero in finite samples but with potentially zero
limits or accumulation points asymptotically.

The assumption ||B||s < o is important in a high dimensional setting for avoiding
that relevant non-zero elements concentrate on one row or one column only such that a
necessary moment bound on AY; can no longer be inferred from the assumptions above.

The statistical properties of II rely on a ()-transformation of the defining M -transformed
VECM equation (3) which allows to disentangle stationary and nonstationary compo-

!/
nents. We set QQ = [ 5, ] and Q7' = [ a(f'a)™t Bi(e/ BL)7" |, where ay and 3 are
orthogonal complementg of a and [ respectively, as defined in Assumption 2.2. After
Q-transformation of (3) we get

Ath = 6/0521,15—14‘51,15
AZyy = oy ()

~ ~ ~ ~ ~ ~ /
where Z, = QY = [(B'T,), (o, T))] = [Z;,t Z;,t] and % = Q@, = [, #,]'. Note that
by definition, the first component Z1, of dimension r is stationary and the (m — r)-
dimensional remainder th is a unit root process. We also denote Z; = QY; = [Z{J Zgyt],,

and v, = Quw; = [v), v)]. From (5) the corresponding estimate of the cointegration
matrix is obtained as

-1
~ ~ ~ ~ o~ Z th 1Z1t 1 Z Zlf 1Z2t 1
QHQ1:<T_AZ_Z’_ T_AZ_Z’_) = T
Zt—l t=141t-1 Zt—l t=1%24-1 Zt 1Z2t 12115 1 Zt 1Z2t 1Z?t 1

with II from (4). For this, the statistical properties can be derived in a block-wise way.
The result is stated in the following theorem.

Denote by M = [M}, M}]" an m-dimensional martingale process with covariance
QY,Q" with ¥, from Assumption 2.1 where each component M* constitutes a Brow-
nian motion starting at zero and M; marks the first subvector of dimension r and M,



for the vector of the last m — r elements. In the following, given the rank r» < m, for any
matrix A € R™*™ denote the top-left r x r block of A by Aj;, the bottom-left (m—1r) xr
block by Ajs, the top-right r x (m—r) block by Ay, and the bottom right (m—r) x (m—r)
block by Ass respectively.

Theorem 2.1. Let Assumptions 2.1, 2.2, and 2.3 hold. With Dy = diag(I,,T1I, )
define
I _ NTiH—1 _ fa Vi
U =QIQ "Dr and \IJ—l 0 Vgg] .
with Vi = (§3 dM;(s)Mb(s))(§; Ma(s)Mj(s)ds) ™! for i = 1,2 with M, € R” and M €
R™" as defined right above.
Then forr = O <mm> we get blockwise

[T - (Ba)llr = O, (\/LT)
||\’i}12 - V12HF = Op (m\/(logT)(lOglogT>1/2)

T1/2
~ mr
Bl = 0, (/)

||{fj22 - V22HF = 0O (m\/(log T)(log log T)l/?)
= b |

T1/2

Under suitable restrictions on the expansion rates of m and r consistency of all compo-
nents in ¥ can be reached. For the stationary components the standard fixed-dimensional
T—1/2 rate is slowed down by the expansion rates of r and mr. For the nonstationary
components, however, the convergence rate depends on the moment conditions of the
innovations. In particular, the limit results for the nonstationary blocks in Theorem 2.1
yield stochastic elements of ¥ with a general martingale structure of only elementwise
Brownian motions instead of a standard multivariate Brownian motion. This is because
generally in the high dimensional set-up, a vector composed of elementwise Brownian
motion processes does not necessarily follow a multivariate Brownian motion in contrast
to standard multivariate fixed dimensional case, see Kosorok and Ma (2007). With higher
moment assumptions on the innovation than Assumption 2.1, however, a Brownian mo-
tion type limit and faster rates of convergences could be achieved. Though for general
applicability of our subsequent methodology to financial market data, the stated rates are
sufficient and we therefore refrain from imlposing moments beyond 4 + §.

Note that the technical condition m271+1 imposes an upper bound for the expansion
rate of the rank r depending on the rate of decay of the smallest singular value o,(«)
in T. Combined with Assumption 2.3, it implies that for fast decreasing subsequences
of o,(a), the polynomial exponent 71 must also be large, imposing a binding restriction
on the rate of r. Whereas in the case with any subsequence of o,.(«) approaching zero
not too rapidly, identification of relevant elements is easier and thus r can increase faster.



When the dimension m is fixed, all the singular values of « are significantly different from
zero, which is equivalent to assume 7 = 0 and thus there is no restriction on r.
We can combine the blockwise results of Theorem 2.1 to obtain the following corollary.

Corollary 2.1. Let Assumptions 2.1, 2.2, and 2.3 hold. Moreover, we require m =
O(TY*=#) with e € (0,1] and r = O (m%l“). Then:

14
|9 — o[ = 0p(1)

~ /
with W as in Theorem 2.1 and Uy = QIIQ™! = (ﬁooz 8) = E(7).

Thus the Q-transformed I consistently estimates the population counterpart under
the stated conditions on m and 7. The admissible expansion rate m = O(T4~¢) mainly
results from the mild (4 + §) moment condition on the innovations in Assumption 2.1
and the strong invariance principle. Fixed dimensions are included as a special case for
€= }1. Hence, the relevant r-dimensional stationary part can be consistently identified as
all other components of ¥ have expectation 0.

2.2. Adaptive Group LASSO for rank selection: Idea, procedure and statistical results

The basic principle of standard Lasso-type methods is to determine the number of
covariates in a linear model according to a penalized loss-function criterion. Likewise,
the determination of the cointegration rank in (1) amounts to distinguishing the vectors
spanning the r-dimensional cointegration space from the (m — r) basis of its orthogonal
complement. This is also equivalent to separating the r relevant singular values of I in (3)
from the non-relevant ones, where the number of relevant singular values corresponds to
the rank. Thus, the correspondmg loading matrix for the stationary part th =7 Yt 1 in
(5) is o while the remainder g LY2—1 should get loading zero in the Q-transformed defining
VECM equation (3). We use the QR decomposition with column-pivoting® to detect the
rank of II = aff/ = SR as the rank of R, where S is orthonormal, i.e. S'S = I, and
R is an upper triangular matrix 2. Column-pivoting orders columns in R according to
size putting zero rows at the end.> Thus the rank r of II corresponds to the number of
relevant columns in R. N

The challenge is, to show that such disentangling of the stationary part Z; from
the non-stationary ZQ also works empirically when starting from estimated objects in-
stead of true unobserved population counterparts. Thus calculating the rank from a
() R-decomposition with column pivoting of the consistent pre-estimate II does indeed

'We denote the orthogonal matrix in the QR-decomposition by S in order to avoid labeling confusion
with the Q-transformation used in equation (5)

2Such a decomposition exists for any real squared matrix. It is unique for the invertible I if all
diagonal entries of R are fixed to be positive. There are several numerical algorithms like Gram-Schmidt
or the Householder reflection which yield the numerical decomposition.

3Generally, column pivoting uses a permutation on R such that its final elements R(i,j) fulfill:
IR(1,1)] > [R(2,2)] = ... = |R(m,m)| and R(k,k)> > Y7_, . R(i,5)* Further properties of this
decomposition can be found e.g. in Stewart (1984).



yield a consistent estimate of the true rank r. In particular, this requires ensuring that
true non-relevant singular values, loadings or entries can be distinguished from elements
which just appear as non-relevant due to estimation but which in fact truly are relevant
which would delude the rank choice. In the following, we show that different speeds of
convergence in the stationary and nonstationary parts, however, help to disentangle the
two components and can be cleverly exploited in constructing weights for a consistent
adaptive group Lasso procedure.

For the Lasso-type objective function, we obtain a pre-estimate for the space of 3 and
[ respectively from the QR decomposition with column-pivoting of IT" as

N N & R, 0\ (S
I = R/S/: / / ~1 — Nll » ~1 7
(7 7) (S;> ( # ) (s;> g

where S is m x m orthonormal, i.e. §'S = I, with components S| € R™™ and S} e
RM=7)xm R is an upper triangular matrix with blocks ﬁl = (fin ﬁlg) e R™™ and
.fig = (0 §22> e Rm=r)xm and components with the same notation as for Theorem 2.1
where fzu e R™", }N%m e R™*(m=") " and _ﬁgg e Rm=m)x(m=1) of B in (7). According to
Corollary 2.1, for m = O(T*~¢) with € (0,1] , the estimate I is a matrix of full-rank
and also a consistent estimate of II. Therefore the lower diagonal elements of }%2 are
expected to be small. In particular, they converge to zero asymptotically at unit root
speed 1/T" as is shown in the following Theorem.

Theorem 2.2. Let Assumptions 2.1, 2.2, and 2.8 hold and E’l denote the first r and
by R, the last m — r columns of R in the QR-decomposition (7) of II'. Besides, define

fik = A/ D, R(k,7)?. Then for m = O(TY*~) and r = O(mﬁ) with € € (0, 1]

4

~ mT2T
L ||BLS [ = Op(™5).
2. [ satisfy

~ mr mr

i, € [or(a) = Oy( ?),Ul(a)JFOp( 7)] k=12...r
~ 1

fr = Op(?) k=r+1,....m

3. maxigjer [0j(F1) = 0(0)] = Opl/F)

The first part of Theorem 2.2 provides identification of the cointegration space spanned
by (. In the respective rate, however, unit root speed is generally slowed down by m and
r™ which is larger the faster o,.(«) approaches zero in Assumption 2.3. But the subspace
distance between 9; and [ converges at a faster rate than the distance between Ry and o'
This is the key point in order to disentangle stationary and nonstationary components.
Moreover, from point 2 of Theorem 2.2, the lo-type weight i achieves exact unit root
speed for the irrelevant parts without affecting identification of the loadings « in speed of
convergence. Therefore, fi; yields a clearer separation of relevant and irrelevant columns
and is the preferred weight for an adaptive Lasso procedure. Note that Theorem 2.2
contains the fixed dimensional case as a special case, where identification of the space of



[ from 51 is at unit root speed and the standard stationary speed 1 /\/T is obtained for
the loasdings. N

The statistical properties of the QR-components of Il derived in Theorem 2.2 inspire
the construction of the following adaptive group Lasso objective function (8) with group-
wise weights for the determination of the cointegration rank (see Wei and Huang (2010) for
group Lasso in the standard univariate iid case). Hence columns R (.,7) of the adaptive
group-Lasso estimator R’ minimize the following column-wise criterion over all R'(.,7)
forj=1,....m

T m
N — )\rank )
| AY: = RISV |15+ ), IR () (8)
t=1 j=1 IJ

where the penalization parameter \;%"* and the weight v for adaptiveness in (8) are fixed
and in practice pre-determined in a data-driven way. See the simulation and application
in Sections 5 and 6 for details. We then obtain an estimate of the true cointegration rank
7 from (8) as # = rank(R), where rank(R) equals the number of non-zero columns in R'.

This adaptive group Lasso procedure (8) exploits that according to Theorem 2.2 the
last m — r columns of R’ converge to zero at a rate faster than the rate of the first r
stationary columns for the stated conditions on m and r. With this, we can construct
adaptive weights for a model selection consistent group Lasso procedure, which put a
faster diverging penalty on any element in the space orthogonal to 5 and less on those
stationary components in the cointegration space.

Remark 2.1. According to Theorem 2.2, the subspace distance between S, and B con-
verges at a faster rate than the subspace distance of Ry and a under the given conditions
on m and r. Therefore the first step estimation error from using S in (8) instead of the
infeasible true Sy is negligible for estimating R from the Lasso criterion.

Moreover, even when m and r are both fixed, our approach features several advan-
tages compared with existing literature: Firstly, the employed QR-decomposition is al-
ways real-valued without further constraints on the matrix II. Thus the Lasso criterion
(8) only contains real-valued elements and can be minimized with standard optimization
techniques. In comparison, a corresponding eigenvalue decomposition of an asymmetric
matrix as e.g. in Liao and Phillips (2015) would in general contain complex values leading
to a non-standard harmonic function optimization problem in a respective Lasso objective
function. Secondly, after the QR-transformation based on the consistent pre-estimator,
the objective function (8) has the same penalized representation as standard Lasso prob-
lem and is therefore straightforward to implement with any available numerically efficient
algorithm. So our method is direct and ready to use.

The following theorem provides the statistical properties of adaptive group Lasso es-
timate from (8).

Theorem 2.3. Under Assumptions 2.1, 2.2, and 2.3 and if Nj%"* satisfies /\L\/;TT”“/Q —
)\rankT’yfl

0 and “—z— — o0, m = O(TY*=¢) with ¢ € (0,1/4], and r = O(m2711+1). Then the
solution R of the adaptive group Lasso criterion (8) satisfies

10



2
1. P(Z;nzl]lé,(_d)#o = 7’) =>1-0C) <”T“T’“—37/“2”’1> for some C} < c0.
2. ||R) — aH||p = O,(4 /%) for some orthonormal matriz H.

Theorem 2.3 shows in part 1 rank selection consistency of the adaptive group Lasso
technique for all admissible penalties A\;¢"F satisfying \,¢"F = O(WLIW) and ;ffﬁ -
o(A5¢"%). Under our assumption on the explosion rate of m and r, setting e.g. 7 as 2
allows for a large set of possible A7 choices even if the exact rate of r in unknown.
Generally, the best finite sample performance is achieved if v is not too large as also
standard in the literature on stationary adaptive Lasso. Please see also our finite sample
results in Section 5.

The lower bound on X% ensures that with probability approaching 1 the irrelevant
groups are excluded by the adaptive group Lasso procedure. Though if \¢"* increases
too rapidly also the non-zero columns of R, will be shrunk to zero. Limiting this bias
induces the upper bound on A%, In total, a larger dimension m decreases the lower
bound for the probablity that the right model is selected. While a large rank r and small
o,(c) restrict the possible set of A7 thus impacting the Lasso technique in an indirect
way.

In part two of the Theorem, we get as a by-product to consistent cointegration rank
selection also consistent estimates for a from the adaptive group Lasso criterion (8). Note
that the obtained rate of convergence coincides with the infeasible oracle rate in the high-
dimensional case when the true cointegration rate was known. In the case of fixed r and

m we recover the standard stationary T%2-rate of convergence.

3. Lag selection

As for the rank choice, the standard VECM equation (2) is transformed in a Frisch-
Waugh pre-step in order to focus on the lag selection. In particular, the effect of the
nonstationary term Y_; is discarded by employing C' = I — Y’ (Y_;Y’|)7'Y_; in (2)

AY; = BAX,_; + W, (9)

where we write Y = AYC and X = AXC with B = (By,...,Bp) e R™™F In contrast
to the rank transformation M, the lag transformation C' contains nonstationary objects.
Thus, the statistical properties of the transformed objects Y; and AX;_; must be explicitly
derived. For the technical results we refer to Lemma 3 in the online supplementary. For
the true lag length p < P, we denote by Iz the set of indices with non-zero lag coefficient
matrices B; for 1 < j < p and set By € R™™ with | < p as By = (B;)jer, the stacked
matrix of non-zero lag coefficient matrices in B. g

For lag selection, we obtain the least squares estimator B and the Ridge estimator B

11



of the transient lag components B from equation (9) as
5 1 I T 5 -1
B = <?ZAYtAXt’1) (TEA)QIAX;1> (10)
t=1 t=1
N 1 T - - )\mdge -1
B = <?ZA}QAX£_1> ( ZAXt AX] |+ - Jmp> . (11)
t=1

While we will show that both estimators are consistent, the least squares estimate é,
however, suffers from substantial multicollinearity effects. Therefore it is more favorable
in practice to work with the Ridge estimator B. In fact, for the construction of the
adaptive Lasso procedure below it is crucial to base the weights on the Ridge pre-estimate
B for valid finite sample selection results on /5 and p.

The statistical properties of B and B are provided in the following Theorem.

Theorem 3.1. Let Assumptions 2.1, 2.2, and 2.3 hold and B and B are as defined in (10)
and (11). Assume m = O(T1) with e € (0,1/4]. Then

- logm
loec(B ~ Bl ~ 0p< : )
~ logm
lvee(B ~ B)ll = op< : )

if X9¢ — o(\/T) for B in (11).

Note that all components in both estimators depend on the initial transformation C.
Therefore for the consistency rates in Threorem 3.1 explicit rates of all blocks in (10) and
(11) are crucial and therefore derived in the technical Lemma 3 in the online supplemen-
tary.

From Theorem 3.1 we obtain consistency results in the [, norm for the vectorized
coefficient matrices B; with j = 1,..., P of the stationary transient components in (13).
In contrast to the rank selection case, for the stationary lag coefficient pre-estimates there
is no difference in speed between true zero coefficient matrices and non-zero ones only
estimated as zero as in standard stationary adaptive Lasso selection problems. Thus
we adopt the [, norm in order to carefully ensure that if there exists at least one non-
zero element in a coefficient matrix, the corresponding lagged term is relevant to the
model. Compared to [y or Frobenius norm, [, increases with the dimension m only at the
logarithmic rate and is independent of the sparsity structure. It is therefore preferred as
weight for the adaptive step.

Thus the adaptive Lasso estimate B = (B’l, e ,B p) of the lag coefficient matrices in

(9) minimizes the following objective function in lag coeflicient matrices B; € R™*™ of
B = (Bl,...,Bp) € RmeP

T P P
DAY, = YT BAY (5 + A7 Y |lvee(By)l[2 1| Bl (12)
t=1

j=1 Jj=1
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As in the case of rank selection, a lag k should be included into the model, whenever
By, from the Lasso selection (12) is different from zero. Thus, in contrast to other model
selection criteria, a Lasso-type procedure allows for the inclusion of non-consecutive lags,
which we consider an additional advantage of the procedure.

We obtain an estimate p of the true lag length from (12) as p = max;<p<p{k|Bj, # 0}.
We also define the estimated active set 15 of (12) as the set of indices with non-zero éj
for 1 < j <p,ie, Iz ={j|B; # 0} and By = (B,)jer, € R™ ™ with | < p consists of
estimated coefficient matrices of the true active set Ip.

In the objective function (12), we penalize each coefficient matrix jointly by group
Lasso rather than penalizing each element in the matrix separately. Such elementwise
Lasso would be less robust in finite sample performance and potentially lead to problems
in economic interpretation.

Remark 3.1. In the adaptive weight, theoretically also the use of the least-squares esti-
mate B is justified yielding the same consistency result as below for the Ridge estimate
B. For a numerically stable adaptive Lasso procedure in finite samples, however, the use
of the Ridge weight is essential in order to mitigate the large impact of multicollinearity
effects. Also pre-estimates from an elastic net type procedure (see Zou and Hastie (2005))
or sure independence screening (see Fan and Lv (2008)) could be employed for a numeri-
cally stable weight in (12). Their detailed treatment, however, is beyond the scope of this

paper.

The following theorem derives the statistical properties of the adaptive-group Lasso
estimates B of the lag coefficient matrices.
)\lag

lagmi (v—1)
Theorem 3.2. Let Assumptions 2.1, 2.2, and 2.3 hold. Moreover, % — 0 and %

w0, m = O(TY*¢), then for the solution B of (12) with Ip, I and By, By as defined be-
low (9) it holds that

2
LP(I = 1) > 1 (e 20 ) with € < .

/\lq‘ngl/z(W—l)

2. ||By — Bollr = Op(%)-

Theorem 3.2 shows lag selection consistency together with consistency of the obtained
adaptive Lasso estimates By for m diverging not too fast. This implies also consistency
of the estimated lag length p from (12). Note that also nonconsecutive lags are identified.

Note that for model selection consistency in the lag there is no impact of the fact that
the true rank r is unknown. Technically this is because after C' transformation, the effect
of the stationary component Z;_; is filtered out and the non-stationary Z,; ; decays
to zero. Therefore, the rank just appears in the second order effect, see Lemma 3 in the
online supplementary for details.

For consistent lag selection, the tuning parameter must satisfy )\lj‘fg = o(v/T) and

%ﬁ;/z = o(\89) with m = O(T"4¢). These two conditions correspond to the results

2

from Zou (2006) in the fixed dimensional case. The restrictions on ;" are significantly

different from rank selection part for two reasons. First, the denominator of the condition
2 /2 . . . . .

% = 0()\[7?9) is smaller than the corresponding part in the rank selection. This is
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because the irrelevant basis there converges to zero at the rate of T" while in the stationary
case, both relevant and irrelevant components converge at the rate of v/7. This narrows
down the possible set of )\lffg compared to A%, Second, the largest element in each
coefficient matrix must be strictly bounded away from zero so that /\l;g = o(WT) is
required. Setting v as 2 or 3, yields good finite sample performance for appropriate
choices of )\lj‘fg . Please see Section 5 for details.

4. Rank selection for weakly dependent error terms

In this section, we extend the cointegration rank consistency result to the case of
weakly dependent error terms. For our high-dimensional set-up, this requires the deriva-
tion of a general functional convergence result under weak dependence which has not
been available in the literature so far and is of interest on its own. Moreover, weak de-
pendence also causes pre-estimates for the adaptive Lasso procedure to be biased which
is a challenge in the construction of an appropriate rank selection criterion.

To derive and illustrate the main points, we focus in this section on the simple VECM
case only with no lags (See also e.g. Phillips (2014) in the fixed dimensional case). Thus
we work with

AY, = IV, +u (13)

for t = 1,...,T where the dimension m of Y; and rank r of Il = a8’ are diverging with
T as in (1). But now, we allow for a general weakly dependent form of the error term w;
in (13).

Assumption 4.1. The error term has the representation u; = 23.0:0 Ajw_j with Ay = I,
where for the components it holds that

1. wy satisfies Assumption 2.1.
2. the coefficient matrices satisfy Z;ileAjHF < 0.

In Assumption 4.1, the coefficient matrices of this infinite moving average process u;
must decay to zero fast enough so that u, is a weakly dependent multiple time series
and thus the partial sums can still be approximated by a Wiener process element-wise.
In high dimensional case ||A;||p converges to zero at some rate actually imposes some
sparse structure on the coefficient matrices. In particular, we get the following functional
convergence result.

Theorem 4.1. Let Assumption 4.1 hold. Then each element in u; has bounded (4 + ¢)-
th moment as the original innovation e,. Besides, the partial sum of each u¥ can be
approximated by Brownian motion, i.e.,

s<T

max | Zuf — M*(5)| = Ops.(TY*(log T)**(loglog T)V?), k=1,2,....m
)

where each component M(s)® in M(s) follows a Brownian motion starting at zero and
the covariance matriz of M(1) is ¥y, = (In + 25,21 Aj) S0 (I + 33724 Aj).
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This theorem is the crucial element for deriving the statistical properties of the adap-
tive Lasso pre-estimates and consistency of the cointegration rank selection procedure.

We can directly obtain the least-squares estimator I of II for the simple VECM (13)
as

= é AYtYLl)(i YY) (14)

t=1 t=1

which coincides with the estimate from equation (4) for the no lag case p = 0. We
derive its statistical properties by using the @Q-transformation from (5) to distinguish the
r stationary Z; from the m — r nonstationary components Z, in Z = QY = (Z],2))".
Note that the Q-transformed problem (13) simplifies in the rank only case to

AZy;, = B/azl,t—l"‘vl,t
AZQ,t = Ugy (15)

with v; = Quy = (v}, v5,)" where v; € R” and v, € R™™". Note that here E(v. 2], ) is
non-zero, due to the possible dependence in u; and thus in v; according to Assumption 4.1.
This causes an endogenity bias such that left subspace generated by II in (14) does no
longer approximate o but «, defined as

— -1 — -1
CYi = O/ + Zzlleljllzl (O/ﬁ) Oé/ + ZzllFQlJIQZ'l (ﬁlal) Bj_
= o + 3T

uzl

(16)

with ', = E(wZ],_,) and ¥,1 = E(Z1,127,_,). We also set T}, = E(vZ],_,) with
i € {1,2}. Though, for a, defined in (16) Assumption 2.3 is not sufficient to ensure non-
singularity of o’ a,. Singularity, however, would affect rank selection consistency of the
Lasso procedure since the estimation error for the relevant r basis would be inflated by
an exactly zero smallest singular value of a,. We therefore require the condition in part 1
of Assumption 2.3 not only for o but also for the biased object a,. This is needed even in
fixed dimensional case where an «, without full row-rank would increase the estimation
error for S; in the Q) R-decompsiton (7) from unit root speed % in Theorem 2.2 to only
\/LT which makes it indistinguishable from the stationary parts. Therefore we require the
following assumption

Assumption 4.2. Let part 1 of Assumption 2.3 hold. Moreover, the singular values of
a, satisfy 0 < o.(a,) < -+ < o1(ay) < 0. And there exist Ko > 0 and 79 > 0 such that
2o, (a,) = K.

The size of 75 and 71 restricts the admissible expansion rates in » and m as shown in
the Theorems below. For the rest of the subsection, we assume wlog that 75 > 7. The
other cases would be easier to be identified.

Let M(s) denote the m-dimensional martingale process defined in Theorem 4.1, where
M, (s) marks the first r elements and My(s) the last m — r components.

Theorem 4.2. Let Assumptions 2.2, 4.1 and 4.2 hold. With Dy = diag (1., T1,,_,) and
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Il from (14) define
U = QIIQ ' Dy.
Moreover, denote

v, = Blo+ T 550 Fqumzz_fz(&} M(s)Mj(s)ds) ™ + Vi
| My [l S E(S, Ma(s)Mj(s)ds) ™ + Vo

where = = (f'a) ™! ((B’aJrIr)F}J’lel+Zv1v2+f‘?2+§é dMl(s)M’Q(s)> and V;j = (S(l) dM; (s)M(s)+

F%)(Sg M (s)M(s)ds)™" fori,j = 1,2 with I° = 3" | E(vv,_,) and all other elements
as defined below (16).

1
Then for r = O(m?1¥1) it holds that

Wy —Wnullr = Op(\/_T)

N (log T)3/2(log log T')
W12 = Wapoflp = Op(m\/ T2 )

~ mr
||\I/21 - \IJ*,21||F = Op( ?)

~ (log T)3/2(log log T')
H‘IJQQ — \I]*,ZQHF = Op(m\/ T1/2 ) :

There are two main differences between this result and the independent case in The-
orem 2.1. First, there is a bias term T’} ; # 0 due to the correlation between u; and
Z;_1. Second, the rate of convergence for the unit root part is slightly smaller due to
the larger exponent in the log T-term. Though, the driving denominator is still 774 as
before. Moreover, the rate restriction on r coincides with the iid case since the inverse of
B'a in E causes the l;-norm of = and thus of W, 12, W, 95 to increase at rate of ™.

For the parts in the QR-representation of IT we find the following key separation into
stationary and nonstationary components

Theorem 4.3. Let Assumptions 2.2, /.1 and 4.2 hold and ﬁ’l denote the first r and
by R, the last m — r columns of R in the QR-decomposition (7) of II' in (14). With
fir = A/ 200k R(k,7)? for m = O(TY4~¢) and r = O(mﬁlﬂ) where € € (0, ] it holds that

' 4
L (18181 ]|F = Op(™2).
2. [ satisfy

mr mr

ﬂk’ € [Or(a*) _Op( ?),0'1(01*) +Op( ?)] k= L2,...,r
. rm
fr = Op(?) k=r+1,....m



Theorem 4.3 shows that identification of the cointegration space occurs at a slightly
slower speed of convergence as in the iid-case of Theorem 2.2. Weak dependence in the
innovation also slows down the convergence of the Lasso adaptive weights in the true zero
parts from unit root speed to % Both points make it harder for adaptive Lasso (8) to
disentangle true stationary and nonstationary components. Technically, the difference in
convergence rates of Theorem 4.3 and Theorem 2.2 results from the fact that for ¥, with
the additional bias T'l,_, the I bounds for blocks in ¥ cannot be attained. Convergence
in the third part can only be attained for «, instead of a but the rate is unaffected.

Therefore, the same logic for the design of group Lasso weights from the iid case can
still be employed. Thus, we can still use the adaptive group Lasso objective function (8)
for rank selection with a pre-estimate S from a QR-decomposition of IIin (14). As before,
it yields a columnwise estimate of R’ from which we can determine the cointegration rank.
The statistical properties of this procedure are provided in the following theorem.

Theorem 4.4. Under Assumptions 2.2, 4.1 and 4.2, if \i*"F satisfies _/\:T;;k Rt — 0
T = O with = € (0,1/4], and 1 — O(mA), then the

m32pr1 (D)
solution R of the adaptive group Lasso criterion (8) with pre-estimate S from a QR-
decomposition of 11 in (14) satisfies

and

L. P(Z,;il]IR/(,j);ﬁO = 7’) >1- &(%)2 for some Cy < o0
2. ||R — o H||p = Op(/2Z)

for some orthonormal matriz H.

Theorem 4.4 shows that given our assumptions, even if the innovations are weakly
dependent, rank selection is still consistent. The estimate of the loading matrix, however,
only consistently identifies «, as defined in (16) which generally differs from «.

5. Simulations

In this section, we illustrate the finite sample performance of our adaptive Lasso
methodology. We consider three different high-dimensional scenarios

1. dimension m = 20, rank r = 5 and lag p = 1
2. dimension m = 20, rank r =5 and lag p =0
3. dimension m = 50, rank » = 10 and lag p = 0

Exact model specifications of IT in (1) are constructed randomly by first generating two
orthonormal matrices U, V € R™*". Such orthonormal matrices can be obtained from QR-
decomposition or singular value decomposition of a matrix with each element drawn from
a standard normal distribution. Then we randomly draw elements for an r x r diagonal
matrix A from univariate standard normal until II = UAV’ first satisfies Assumption
2.2. As the main focus of this paper is rank selection in a cointegrated model, in all set-
ups coefficient matrices B; are set as diagonal with elements also drawn from a univariate
standard normal. In this section, we set P = 3 to reduce computational time. Innovations
wy in (1) are drawn from the standard Normal or ¢-distribution with degrees of freedom
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T =400 T =800 7 =1200 T = 1600
N(0,1,) 84/98 100/100 100/100  100/100
df =200 81/96 100/100 100/100 100,100
df =20  76/98 100/100 100/100 100,100
df =8  82/99  100/100 100/100 100,100

Table 1: Model selection results for model 1 with m = 20, rank r =5, lagp =1, p =0 and v = 3.

df € {8,20,200} fulfilling the moment condition of Assumption 2.1. We study different
degrees of cross-sectional dependence, with banded covariance matrices of the innovations
of the form %, = (pli=7l),; for p = 0.0,0.2,0.4,0.6. We consider different combinations of
these parameters for sample sizes T' = 400, 800, 1200, 1600.

The exact specification of the considered setting and the estimating procedure can be
replicated from the R-code available at https://github.com/liang-econ/High_Dimensional_

Cointegration by setting the same seed. Throughout this section, the tuning parameter
Apank (\9) is selected by BIC as follows

logT

minlog [3, (A)] + [lvec(AM) o (17)
where A = R()\) in rank selection and A = B()) in lag selection, and 3,,()\) denotes the
sample covariance matrix of the residuals for A from (3) or (9).

In the following tables, each cell contains the percentages X X /Y'Y of correct model
selections by solving (8) and (12) for b = 100 repetitions of the respective model, where
XX denotes the number of correct rank selections while Y'Y is the number of correct
lag length identifications. When the model has no transient terms, there exists only one
number X X representing rank selection results.

Table 1 studies the performance of the adaptive group Lasso procedure for m = 20
dimensions with true rank r = 5 and lag p = 1 with p = 0 in the cross-correlation of the
innovations. From top to bottom the difficulty of the selection problem increases with less
existing moments in the innovation terms. This is also reflected in the reported results
with excellent overall performance except in extreme cases where T%* is smaller than 5,
but the treated dimension is m = 20. Here, the conditions for Lasso selection consistency
with m = o(T"/*) are hard to justify. Though performance of the Lasso procedure is still
quite good but affected by heavier tails in the innovations in particular in the lag selection
case. For the same setup of II and B as in Table 1, we report model selection results for
an almost normal type of innovation with df = 200 and substantial tail thickness df = 20
across different levels of strength in the cross-sectional correlation >, in Table 2. The
results show that even for substantial correlation with p = 0.6, performance is reliable
for T" > 800 even in the case of for df = 20 innovations with excess-kurtosis of 0.375.
Generally, a larger degree of freedom leads to better rank selection results given the same
T and p. Besides, simulations show that the size of p has a significant effect on model
selection, which highlights the importance of Assumption 2.1 on the structure of ¥, i.e,
the column-wise sums of absolute values must converge fast enough.

Note that Tables 1 and 2 are obtained for v = 3. Table 3 shows the effect of 7 on
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T =400 T =800 7 =1200 7 = 1600
df =200,p=0.0 81/96 100/100 100/100  100/100
df =200,p=02 78/98 100/100 100/100  100/100
df =200,p=04 80/97 100/100 100/100  100,/100
df =200,p=0.6 71/88  97/100 100/100  100,/100
df =20,p =00 76/98 100/100 100/100  100/100
df =20,p=02 91/97 100/100 100/100  100,/100
df =20,p=04 85/96 100/100 100/100  100/100
df =20,p=0.6  59/80  96/100  100/100  100/100

Table 2: Model selection results for model 1 with m = 20, rank r =5, lagp=1and v = 3

df = 20 df = 200
T =400 | T =800 | T =400 | T = 800
_, [P =007"89/91 | 98/100 | 89/92 | 99/100
T2, =04 78/82 | 97/100 | 75/88 | 94/100
p=00| 76/98 | 100/100 | 81/96 | 100/100
p=04| 85/96 | 100/100 | 80/97 | 100/100
p=00| 46/99 | 100/100 | 48/97 | 100/100
p=04| 50/99 | 100/100 | 48/97 | 100/100

Table 3: Model selection results for model 1 with m = 20, rank » = 5 and lag p = 1 for different p
cross-section dependence with different y-choices.

model selection in finite sample in the same setting of model 1. In small samples, v = 3 is
generally the best choice for consistent rank and lag selection. But with v = 2 only slighly
weaker results are obtained, while larger choices increase the weight in the penalty too
much and yield substantially less appealing results across all considered tail specifications,
cross-correlations and samples sizes. Generally, in the case of model 1 with 20 dimensions
and r = 5, p = 1, the results demonstrate that with a sample size of T' = 800 we get 100%
perfect rank selection across all cross-correlation and tail scenarios given non-Gaussian
innovations. Compare this to usual simulation evidence in high-dimensional set-ups as
e.g in Zhang, Robinson and Yao (2018) which exclusively use Gaussian innovations and
require sample sizes of T" = 2000 for comparable performance.

Besides, we present the estimation error of the loading matrix R; and the cointegrating
space S in Figure 1 for df = 20 and in Figure 2 for df = 200 in the case p = 0.0. Because
«a and (8 are only unique up to rotation, the estimation error here is measured by using
orthogonal projection matrices to uniquely identify subspace distances. In particular,
we employ the R package LDRTools based on average orthogonal projection matrices
proposed by Liski et al. (2016). The left bar in each plot corresponds to 7' = 800 and the
right one to T' = 1200. The estimation error for the cointegrating space is significantly
smaller than that for the loading matrix due to the faster rate of convergence. Moving
from sample size 800 to 1200 significantly improves results in both cases.

Model 2 uses the same II as model 1 but considers only rank selection in VECM without
transient dynamics, i.e. setting B = 0. Thus the problem is simpler and technically, the
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Figure 1: Estimation Error of model 1 (m = 20, r = 5, p = 1) with ¢-distributed innovations and df = 20
for p = 0 setting v = 3. Results are shown for 7" = 800 marked as case 1 on the z-axis and for case 2 of
T = 1200
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Figure 2: Estimation Error of model 1 (m = 20, r = 5, p = 1) with ¢-distributed innovations and df = 200
for p = 0 setting v = 3. Results are shown for 7" = 800 marked as case 1 on the z-axis and for case 2 of
T = 1200

step of the Frisch-Waugh transformation by M in (3) can be omitted. The results can
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T =400 T =800 7T =1200 1T = 1600

df =200,p=0.0 100 100 100 100
df =200,p=02 98 100 100 100
df =200,p=04 96 100 100 100
df =200,p=06 75 100 100 100
df =20,p=0.0 9 100 100 100
df =20,p=0.2 97 100 100 100
df =20,p = 0.4 94 100 100 100
df =20,p=0.6 74 100 100 100

Table 4: Model selection result for model 2 with m = 20, rank r =5, lagp=0and v =3

T =400 T =800 T =1200 7T = 1600

df =200,p=0.0 100 100 100 100
df =200,p =04 86 99 100 100
df =20,p=0.0 99 100 100 100
df =20,p = 0.4 94 100 100 100

Table 5: Rank selection result for model 2 with m = 20, rank r = 5, lag p = 0 and v = 3 and weakly
dependent innovations.

be found in Table 4. In small samples with 7" = 400 and for large p, this provides
improvements in comparison to 2. Thus without lags, we get satisfactory performance
even in these challenging cases of strong cross-sectional dependence.

To test the performance of our method in case of weakly dependent innovations, we
generate the weakly dependent innovations according to a MA(2) process. The innova-
tions in the underlying MA process are i.7.d. generated from ¢-distribution with degree of
freedom 20 and 200 respectively. The weakly dependent innovations are generated by

U = Wy + Alwt_l + Agwt_g

where w; follows t-distribution with covariance 3, = (p/*=/!); as defined before. Besides,
Ay = (a14;) = (0.8'I;—;) and Ay = (as;;) = ((—0.4)"I;—;) satisfy Assumption 4.1. As in
Table 1, we set v = 3 and choose A by BIC. See Table 5 for results. When T" > 800, the
rank selection results are satisfactory, which is consistent with the theoretical results.

In Table 6, we present the rank selection results for the 50-dimensional case of model
3. Compare this to the usual simulation scenarios the high-dimensional non-stationary
time series literature which usually do not go beyond dimension 20 (see e.g. Zhang,
Robinson and Yao (2018)). We focus on results for innovations following a ¢-distribution
with df = 20 and df = 200 respectively, with p = 0.0, i.e. X, = [,,, only. For both cases,
when T" > 2000, the true rank can be estimated almost 100% correct. The increased
sample size reflects the difficulty of the problem in dimensionality.

For the high-dimensional set-ups treated before, there exists no other valid feasible
method for model determination against which we could evaluate our technique. There-
fore, although our techniques are tailored to the high-dimensional case, we briefly il-
lustrate that they can also be employed in standard low dimensions where benchmarks
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T =800 T =1200 T =1600 T =2000 1T = 2400
m = 50,df = 20 51 64 89 93 99
m = 50,df = 200 95 78 95 97 100

Table 6: Rank selection result for m = 50 with ¢-distributed innovations. p = 0 and v = 3.

exist. In particular, we compare our methods with the Lasso-type techniques in Liao and
Phillips (2015) using the “hardest” of their 2-dimensional models treated with » = 1 and
_11 _0055 and B; = By = diag(0.4 0.4), B, = 0 and
Y = diag(1.25 0.75). With 5000 simulation replications we get the following model selec-
tion results: for T'= 100 we get 100%/86.14% while for T' = 400 we obtain 100%/99.96%
which compare to 99.54%/99.80% and 100%/99.98% by Table 2 in Liao and Phillips
(2015). In their other settings, we also found similar comparable performance of the two
techniques. Results are omitted here for the sake of brevity but are available on request.

p = 3. In particular, we set Il =

6. Empirical Example*

In this section, we employ our method to study the interconnectedness of the Euro-
pean sovereign and key players of the banking system during and after the financial crisis.
We use CDS log prices of ten European countries and five selected financial institutions
provided by Bloomberg terminal: Germany, France, Belgium, Austria, Denmark, Ire-
land, Italy, Netherland, Spain, Portugal, BNP Paribas, SocGen Bank, LCL Bank, Danske
Bank, Santander Bank °. The sovereign countries we choose have different debt levels.
The considered time span is from Jan.1,2013 to Dec.31,2016 with 1041 observations.
BNP Paribas, SocGen Banks are chosen because they rank among the top three Europe
based investment banks in Euro-Zone revenues. The other three banks are selected across
EU countries covering the whole span from north to south and representing the variety
of different financial market and general economic conditions. Initial Augumented Dicky
Fuller tests show that the 15 variables are non-stationary but the first-order differences
are stationary.

Figure 1 suggests that there exits a strong co-movement among these components.
Using our Lasso procedure, we find that there exist two cointegration relations. Figure 2
gives an impression on the stable time evolution of these cointegrated series. Moreover,
the time when the cointegrated series exhibit extreme values coincides with some impor-
tant economic events. For example, in the middle of the year 2013, European countries
were bargaining over the solution for the sovereign debt crisis while at the beginning of
2016 there occurred an economic slowdown in the key global economies.

To present the inter-connections among these 15-dimensional VECM components, we
calculate the forecast error variance decomposition (FEVD henceafter) due to the coin-

4All the figures for this section can be found in online supplementary
5UK is excluded due to Brexit

22



tegrated part, i.e., the forecast error variance decomposition® derived from (3). From
Table 7 reporting the FEVC results for a 5-and 10-step forecast horizon, we can conclude
that leading economies in European Union, such as Germany, are neither risk-exporter
nor risk-importer in the whole system.) Italy is the largest risk-exporter among the
considered sovereign countries and Spain ranks second. Moreover, Italy and Spain have
significant mutual influence on each other. The banks have stronger interconnectedness
among themselves than with the sovereign countries. Moreover, Figure 3 shows the con-
tribution of Italy to the FEVD of other variables in the full horizon from step 0 to 30,
which is consistent with the results in Table 7.

7. Conclusion

This paper discusses how to determine high dimensional VECM under quite general
assumptions. It proposes a general groupwise adaptive Lasso procedure which is easily
implementable and thus ready to use for practitioners. We show that it works under
quite general assumptions such as mild moment conditions on the innovations while rank
and dimension can increase with sample size T'. In particular, consistency results in rank
and lag selection are obtained for dimension m satisfying m = O(T"/4~¢) for some small
and positive €. Besides, we also derive the statistical properties of the estimator in case
of weakly dependent innovations. According to our best knowledge, this paper is the
first to provide a theoretically justified solution to model determination of VECM in a
high-dimensional set-up. Questions like efficient estimation of the cointegrating space
and faster diverging rates in the dimension require different approaches and thorough
investigation. They are therefore left for future research.
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DE FR BE AT DK IE 1T NL ES PT BNP SOCGEN LCL DAN SANTAN

DE5 96.03 227 0.02 028 020 001 021 0.07 062 002 0.03 0.14 0.05 0.02 0.04

FR5 084 9583 016 125 001 008 026 007 045 0.10 0.20 0.30  0.09 0.12 0.24

BE5 0.00 026 9795 008 009 054 002 055 0.01 0.08 0.08 024 0.05 0.06 0.00

AT5 034 177 0.07 9534 031 045 002 066 0.68 0.08 0.13 0.00 0.02 0.02 0.13

DKJ5 0.17 0.01 0.11 037 9779 0.05 0.00 112 0.02 0.04 0.16 0.05 0.03 0.01 0.07

IE5 004 004 029 023 002 98.07 066 035 003 009 0.03 0.01  0.08 0.05 0.01

IT5 006 029 000 000 0.00 060 8239 000 1322 040 0.26 1.10 041 0.10 1.15

NLS5 009 016 045 051 077 064 0.01 96.74 0.01 0.01 0.01 0.00 0.01 0.24 0.36

ES5 044 0.72 0.05 0.12 003 0.32 14.83 0.00 82.17 1.01 0.04 0.04 0.02 0.02 0.21

PT5 001 0.00 016 0.02 005 074 153 003 128 9458 0.06 0.10 0.08 0.31 1.06
BNP5 0.03 0.02 0.07 0.00 0.03 013 0.02 0.00 0.02 0.00 87.81 6.59 3.62 0.10 1.54
SOCGEN5  0.07 0.07 002 002 002 006 028 001 001 0.08 6.19 87.63 422 0.15 1.19
LCL5 0.01 0.05 0.05 0.10 0.00 035 049 0.01 040 0.01 10.93 13.18 70.87 0.23 3.33
DANS5 0.01 005 004 000 000 006 017 010 0.00 0.09 0.04 0.10  0.15 99.05 0.14
SANTANS5 0.00 0.17 0.00 002 002 001 068 020 015 025 336 2.60 190 0.28 90.35
Sum5  2.09 587 148 3.01 154 4.03 19.18 3.16 1691 226 21.52 24.45 10.73  1.69 9.47
DE_10 96.00 228 0.02 028 020 0.01 022 007 063 003 0.03 0.14 0.04 0.02 0.04
FR10 080 9592 0.15 125 001 007 024 007 040 0.11 0.20 031  0.09 0.12 0.25
BE_10 000 026 9796 008 009 054 002 055 0.01 0.07 0.08 024 0.05 0.06 0.00
AT_10 035 178 0.06 9527 031 044 002 066 071 0.09 0.14 0.00 0.02 0.02 0.14
DK.10 0.17 0.01 011 037 97.79 005 0.00 112 0.02 0.04 0.16 0.04 0.03 0.01 0.07
IE.10 0.04 0.04 029 023 002 9815 0.62 035 0.02 007 0.03 0.00 0.09 0.05 0.01
IT10 0.06 030 0.00 0.00 0.00 0.58 8218 0.00 13.32 040 0.28 1.15 044 0.10 1.19
NL_10 0.10 0.16 045 051 0.77 0.65 0.01 96.72 0.00 0.00 0.01 0.00 0.00 0.24 0.36
ES.10 046 073 0.06 0.1 0.03 033 1497 0.00 8193 107 0.03 0.04 0.01 0.02 0.20
PT10 001 000 016 002 005 074 154 0.03 129 94.57 0.06 0.10 0.07 0.31 1.06
BNP_10 0.03 0.02 0.08 0.00 0.03 013 002 000 002 000 8827 6.39 344 0.10 1.47
SOCGEN_10 0.07 0.07 0.01 0.02 0.02 0.07 028 0.01 0.01 0.08 6.07 8793 4.07 0.15 1.16
LCL.10 0.01 0.056 0.05 0.11 0.00 0.38 053 0.01 043 0.00 11.44 13.80 69.44 0.23 3.52
DAN_10 001 005 004 000 000 007 018 0.10 0.00 0.09 0.03 0.09 0.13 99.09 0.13
SANTAN_10 0.00 0.17 0.00 0.02 002 001 066 020 014 025 3.33 2.57 1.87 0.28 90.48
Sum_10 210 592 149 3.01 155 4.08 19.29 3.16 17.01 230 21.87 24.87 10.37 1.70 9.57

Table 7: Each cell implies the contribution of variable denoted by its column name to the forecast error
variance of the variable denoted by its row name. The number in row names is the horizon of the FEVD.
The row denoted by Sum calculates the sum of each column except the element on the diagonal, which
is the total contribution to all the other variables.

Appendix A. Proofs

Proof of Theorem 2.1

Proof. For the claims of the theorem, it is sufficient to show that
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where Y1 A, = 221 — EzlAmEZizszl and X,100 = ﬁlzwaj_-

We show (A.2) and (A.1) by studying blockwise elements of %Zil AZ,Z!_, and
Di'L ST Zy_1Z_,. Thus according to (6) we need to consider the following 8 different
blocks.

1.+2. purely stationary blocks by, = iTAZJ Mz _; and x11 = LTZJ,—J Mz _,
For the second block the standard law of large numbers argument from Lemma 2 yields:

les o
T Z Zl,tflziytfl =X — EzszgiEAm + Ry (A.3)
t=1
with ||Ri||r = Op(r/+/T). For the first term we get from (5) we get

—ZAZ“ZU = ZZIt 1Z1t 1t 7 ZvltZu 1-

This implies that

r

7

due to (A.3) and since %Zlev17t§{7t_1 = Ry with ||Ry + Ry||r = Op(r/+/T) together
with Lemma 2.

1~ -~ )
175 228214211 = () Sarsellr = Op( ) (A-4)
t=1

3. mized stationary/nonstationary block by = £AZ,MZ) _,
From (5) we get

22,t = Z 62,5 = Z V2,5 — R (A-5>

with || Ry||p = Op(r/v'T) since || 31, v2sAX] || = Op(J5) and Lemma 2. Thus
FAZIMZ) _, can be further decomposed from (5) in AZ; by summation by part in Zs 4
as:

1 T
- D00, + Ry

t=1

T
—ZAZUth . = ﬁa+l EZu—lvé,t—

t=0

with %thl U140, = Syre2 + Rs where ||Ry + Rsl|p = Op(y/mr/v/T). Hence we get

mr
||_;)Azlt22t L+ Zoreel|lF = (\/T) (A.6)

4. mized stationary/nonstationary by, = LTAZQMZQﬁJ

With (A.5) it holds that ||+ 3,7, AZs, 21,y |lp = |15 X4 02021 1 |lp + Op(¥2) which
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leads to

ST
ﬁ) (A7)

due to the independence condition in Assumption 2.1 and Lemma 2.

||_ZAZ2tZu lF = Op(

5. purely nonstationary block by = £AZ,MZ), _,
From (A.5) we have

T 1 I
= Z Zoy 1AZyy = T Z 2,t—1Vg; (A 8)
t=1 t=1
1 T 1 T 1 T 1 T t—1
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In this proof we focus on the term %Zthl Zy4—1v, because the second term contains
%thl v9tAX,_; whose Il norm decaying to zero at the rate of VT, as proved in Lemma
2. The term %ZtT:l <(Zt CPAX )vét) has similar performance as the first term on RHS

of (A.8) whose property relies on the results in Theorem 4.1. Therefore, the LHS of (A.8)
is dominated by the first term on the RHS.
For each 4,j = 1...,m — r in the leading term on the right of (A.8),

1
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To bound the first term on the RHS of (A.9), we apply integration by parts. Define
h = v2t MQJ‘(%) and H] = Zizl hi, then

5o d 1 1
;_1 \/T 2t 17 2_1 2t 1 \/T 2t 2,](T))

1 ) 3
= \/TZ2T 1 Z th]

By strong invariance principle (see Theorem 12.7 of DasGupta (2008)), sup,<r|H}| =

(log T)'/2 (log log T) /4
Oa.s. ( T1/4

), which provides an upper bound for variance of the middle term.
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Therefore, we can conclude that

i (log T)*(log log T) /*
|Z Z2t 1h]| = Ou.s.( T1/4

To bound the second term on the RHS of (A.9), we derive the upper bound for the
integrand as
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where the first term on the RHS of (A.10) comes from strong invariance principle and
second term from Levy modulus of continuity. Therefore by Ito isometry,

o3

t
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where C; is a constant depending on the Var(Ms, ;(1)).

Therefore, according to Proposition 1.26 on Page 131 of Revuz and Yor (1991), we
have

(log T')/?(log log T')'/*
T1/4

EJ Zét 1 MZ,i<S>]dM2J(5) = Oa_s.(

All the convergence result are almost sure convergence, so the convergence result holds
for each i, j uniformly (Lemma 9 of Zhang, Robinson and Yao (2018)), i.e

(log T)?(log log T) "/
T4

1 Gy, . 1
w73 2 itd - | Mals)dMay ()] = O
t=1 0

1,7=1,2,...m—r

because the union of countable non-convergence sets with measure zero is still a zero-
measure set. Therefore,

m(log T)"?(loglog T)"/*
T1/4 )
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Thus from equations (A.4)-(A.11) for the blocks b1y, b2, ba1, by We get the first part
(A.1) of the initial claim.

6. mized stationary/nonstationary block x 1o = LTZI,—I Mz,
From equation (5) we get with negligible R; that

As the first term on the right has been treated in block 3 above we can use (A.6). For the
second term, the standard Brownian motion limit result applies. Moreover, we use that
by Assumption 2.3 we have ||(8'a)"!||s = O(r™). Hence in total, we find

1

1o~ o
I 2 22y + (50)  Sune + | MM
t=1

0

T VT

1/2
B O(r” mr . mr(log T)(loglog T) ) (A12)

7. mized stationary/monstationary block x2; = & (%22 MZ} _,)

From yxi9 in block 6, we know that each element in %Zthl Zl,HZ;’t_l can at least be
bounded to be O,(r™). This bound is sufficient as for (A.2) the pre-multiplication with

D;' requires only to study Y which divides once more by T. Therefore we get similar
o (A.12)

AR Jmrrn
T2 2 Zou1Zy 4 4llF = Op(T) (A.13)
=1

8. purely non-stationary block x 0 = ( Zs, 1 MZy 1)

Similar to byy from block 5 we replace Zgyt,l with Zzt,l but with an additional T in
the denominator from the pre-multiplication of D;' in (A.2). Thus we get for each
L,j=1,...,m—r

1

LM%

ZQt IZ2t 1 f M2z )M2J( )d (A-14)
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By the same argument as in block 5, we get

1 &, : ! (log T')"/2(log log T') /4
sup |ﬁ 2 Z2,tflzg,t—1 - Jo M2,z’<5)M2,j(5>d5’ = Oa.s.( T/
=1

i,j=1,2,...m—r
and therefore

lwvs o ! m(log T)"?(log log T)/*
I D Zoer Zgo — L M (s)Ma(s)ds| [ = O, . )
t=1

Combining the blockwise results (A.3),(A.12)—(A.14) for x11, X12, X21, X22 We get the
second part of the initial claim (A.2).

~ o~ N1
For the final result in ¢, define £ = ™! = <DT% . Zt,th’_1> . Then we get the
corresponding blocks of ¢ by blockwise inverting as:

& o= (X1 — X12x22X21) "
§2 = —EnxizXa
§o1 = —522X21Xl_11
Eo = (X22 — Xa1X11X12) "

Note that any term containing xs; is of smaller order than the others as ||xai||lr =

Op(‘/"TTMTl) due to (A.13). Therefore we find with (A.3),(A.12)-(??) and Lemma 1 that

1611 — X5 acllr = Op(—=)

o

VT
1
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Thus we get for ¥ = (7 S AZ,Z!_ )¢ from (A.1) and (A.15) together with Lemma 1
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1
and the assumption r = O(m?21+1) that

[T = (Fa)llr = Oy

T log T') (log log T)1/2
|12 — Vig||lp = Op(m\/< g T)(loglogT) )

VT

[Warlle = Oply/ =)

~ (log T')(log log T')1/2
W2 = Visl[r = Op(m\/ T )

Proof of Corollary 2.1
Proof. The proof follows directly from Theorem 2.1 with ¥y = E(V¥) and the weak law
of large numbers. O
Proof of Theorem 2.2

Proof. Let us first derive two general assertions by which we show that the specific claims
of the theorem are implied. Define

/
We pre-multiply I’ by matrix . Thus we get with ¥ = QIIQ "Dy as in Theorem 2.1
i~ /ﬁ/ I l/B/a ~\ 7/
- (O ) - (6 e ) (@) A16
% (ﬁiﬂ’> (0%51%)@ (A.16)
1, 1 N N N ,
- ( 0 ;ﬁﬁio: ) ( )1, + BL(e BL) o a(fla) MW + B () BL) Wy >

For the left block of ( we use that by Theorem 2.1, [|[Usy||p = Op («/mr/T) and

)
that ||U1; — (B'a)||r = Op (rT~Y?). Therefore we get from this part for the first block
on the left hand side of (A.16) that

157 e = 0, (4[5 ) = 0r () (A17)

For the second block on the left hand side of (A.16), note that \Tflg, Wy, have their Iy
norms diverging at the rate of 4/m due to the stochastic integral part by random matrix
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theory (see Vershynin (2012)). Therefore we get

~ NGO
18I ]l> = Op(=77) - (A.18)

We now use (A.17) and (A.18) in order to prove the stated claims of the theorem in
reverse order and start with part 2. Due to the unitary invariance property of singular
values, we have

7;(Boll’) = 0;(SII') = o5(R) (A.19)
for all j = 1,...m. With equation (A.17), this implies in particular that

05(R) — o5(a)] = O, %) for j=1,...r (A.20)

due to matrix perturbation theory (Mirsky version, Theorem 4.11 of Stewart and Sun
(1990)).

The column-pivoting step in the QR decomposition makes the EH a well-conditioned
matrix, thus the largest r singular values in R are in R; which contains the first r-rows.
Besides, the strict upper-triangular structure of R excludes linear dependence between
any two rows in R;. Therefore, we can conclude that

(A.21)

The matrix perturbation theory result (A.20) provides further bounds for /5 norm of each
row in Ry, i.e.,

o0 (B) = 0,(0) = Oy | 7)

0'1(R) <O'1(Oé>+0p( e

In the same way we obtain from (A.19) together with (A.18), that
o3 (R)| = O,(1/T) (A.22)

for j = r+1,...,m. With the upper triangular structure column pivoting in R, this
implies 4/>.7", ]é(k,j)2 = 0,(1)T) for k = r +1,...,m Thus we have shown claim 2 of
the theorem.

Moreover, (A.22) implies that ||Rao||p = Op(‘/—?n) . We can generate a square matrix
RY by adding m — r rows of zeros to Ry. Then o;(R?) = o;(Ry) for j < r and o;(R?) = 0
if j > r. Therefore, by the fact that ||[R — R%||p = ||Ras||r, we can conclude that
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and thus

~ mr .
lo;(Ry) — gj(a)] = Oy 7) forj=1,...,r (A.23)
Thus we have shown claim 3 of the theorem. N
In order to show part 1 of the theorem, we re-write Il with the QR-decomposition
components of I as follows

5/1? _ 5/511%11 5’%111:%12 + 5’%2—722;22 (A.24)
g I BLS1R11 B S1Ria + B S2Ra

By equating (A.16) and (A.24) we get

~ ~ ~ ~ ~ ~ 1 o~ i~ l
( B S1Ri B S1R12 + B S2Ros ) = T(ENM)(“(E@) "Wy + B (e Br) 1‘1’22>
which is equivalent to

5/L§1 = _[ 0 ﬁigzﬁzz ]ﬁi(éléi)_l
1 ~ ~ V'~ o~ o~
+ f(ﬁim)(a(ﬁ’a)*l% + m(a;m)*lxpm) R(R\E)™"  (A.25)
Note that for the first term on the right hand side of (A.25) we get due to (A.18) that
|5 SaRaalla = Op(1/T). Therefore, the upper-bound in Il norm for 4/ .S; is driven by
the rate of (RyR})™'/T. From (A.23) we have that the singular values of R; can be
approximated by those of a. Therefore using Assumption 2.3 we conclude in total that

181511 = Op(5™).

Proof of Theorem 2.3

Proof. The main idea of the proof is to show that the group-wise KKT condition holds
with high probability. The assumptions on \¢"* ensure that the penalty on the stationary
cointegrated part decays to zero while that on the unit root part diverges fulfilling the
irrepresentible condition proposed in Zhao and Yu (2006).

2141

2,4—1

Denote by g’fft,l = [ ] where Zvl,t,l is the projection of Y;_; onto the sub-

space generated by S According to Theorem 2.2, the subspace distance between S and

B converges at a faster rate (||3.S1||r = Op("”f1 )) than the subspace distance of R; and
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a (/% ) under the given conditions on m and r. Therefore the first step estimation

error from using S in (8) instead of the infeasible true S; is negligible and wlog. we use
Zl,t—l instead of Zl,t—l and Zgi_l instead of 227t_1 (both are unit root process) for the
rest of this proof for ease of notation. The replace of 5 by Si is a common approach in
cointegration literature, e.g. Ahn and Reinsel (1990) and Liitkepohl (2007) ( Remark 3
on Page 293 ). Because S, is a consistent estimator for the subspace generated by (3, all
the estimators for Zs, 1 are dominated by the unit root process only.

Since v and [ are only identified up to rotation, we write wlog a = aH with H as
deﬁne(j for S;. Note that & and « describe the same space. Define ag = [&, Opsm—r],
d0r = R — &y and dg, for the first r columns in dz. Then we have

m rank

~ ~ . A L
2 AT = (Zy @ Lnjvee(R) I + 3 1R G )l

t=1 j=1 J
N ) )\rank

= > @ — (Z_, ® Ln)vec(dg) | +Z ——llao(, J) + 0r(, j)l|2
t=1 j=1 i

T
= Z Wy — 2wy (Z,_; ® Iy )vec(dr) + vec(dr) (Zi-1Z;_y @ I, )vec(dr)

)\rank

+2 i lao(, 5) + dr(, )2

Therefore, the minimization of (8) in R is equivalent to minimizing

)\rank )
Z 2wl (Z!_ | @I )vec(0p)+vec(8r) (Zy—1 Z!_ @Iy )vec(Sg +Z A l|ao(,7)+0r(,7)]|2(A.26)
t=1 j=1

in 0g. With Dy = diag{\/f_fr, T1I,, .} the term inside the first sum can be written as
—2wi(Z!_, D1 @ I, )vec(SpDir) +vec(SpDir) (Dyp Zi—1Z;_y Dip ® Ly )vee(5r Dir). Thus
the Karush-Kuhn-Tucker (KKT) condition for group-wise variable selection from (A.26)
is

— ET Z T ET Zii 12! [XlT a(, ) Avt _alr 27)
- Rl 7 1,t—1471 ¢— - ey -
Ve T & = L U a( Dl eV llal ol
A N7
> r+7,
||(§: ~2zwnZy g+ 2VT0m 3/2th 2y, 1)j||2 e (A.28)

t

I
—_

rank

where \jr = ’\flfﬂ and the subscript 7 denotes the jth column. The expression follows
J

since the derivative of the first term in (A.26) w.r.t. vec(dgDi7) is Zthl —2(D17_,1§t_1 ®
L) w+2(Dit Z, 1 7! D @I vec(pDir) = S —2w, 2!, Dyt +26r Dir Dyt Z, 1 7! Dt
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Define Vo = [ :1(’1) T = ’T)Qﬂz] and

a2 llaGrll
1y & 1
S = = Z AR VA Swal = —= Z Z{ 1
Tt:l \/> t=1
TR R T
Szle = T3/2 Z Zl,t—lzéﬂffl wz2 = ?Z tzé,tfl
t=1 t=1

From the proof of Theorem 2.1, we can use that S,1.2 = x12/ v/T in block 6. Thus we can
conclude from (A.12) that ||S.1.2||2 = Op(%). Moreover, (A.3) and Lemma 2 imply that
S.1.1 and S,,.1 have bounded [, norm. Therefore we can re-write the first KKT-conditions
(A.27) for the stationary part as

)\rank

VTS
R1 2 \/T

LV S 1+ Sua1Sh, (A.29)

which implies that

rank

A 1
||\/T5R1||2 = Op(%r“wri + 1) = Op(l) (A30)

The convergence in (A.30) follows from the condition on the tuning parameter )‘:T;;k rtE s
0 in the theorem. It thus yields that each element in dr; converges to zero at the rate of
V/T. Hence, the first r columns of the solution &’ in (8) are v/T-consistent for a.

Moreover, for the second part (A.28) of the KKT conditions, we plug in (A.29). Hence
for the exclusion of the non-stationary components from (8), it is sufficient if

)\Tank )\rank
~—

T
2T Nr+k‘ \/*H

for k =1,2,...,m —r. It remains to show that (A.31) is bounded in probability which
implies selection consistency holds with probability one.

[(Suwz1So1h1 8122 — Swa2)k|2 < (VoS3 1 Sa1z2)kll2 - (AL31)

)\rTank 1 )\rank
\/T H(VOISzlz]_Szle)RHQ < \/—
)\rank

\/—
rank

- 0O T 7'1’Y+1/2r_71
= Oy r )

VT VT

Thus the RHS of (A.31) is dominated by the first term. The LHS of (A.31) is dominated
by Syeo since ||Su155L 1202 = Op(fl/\/?) due to (A.3), (A.12), (A.6) and Lemma 2.
Moreover, for S,.» we use that Zy; = 22:1 o/ wg as in (A.5) to get for all i =

HV 5212152122HF

IVallPIISall2]1Sezll2
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1,2,....omand j=1,2,... m—r

(IR 1 & e IS
E(TZthg,t—l)Z = ﬁE(Z(wt)Q(Zit )7+ T_E Zw Z%s lth2t 1) +0p(1)
t=1

t=1 S#t

= DE(W)B( 1)) + 0p(1) = Oyl 1) = Orfd)32)

t=1 t=1
the residual denoted as 0,(1) is due to the difference between Z, and Z,.
Then we find that with N; = (Sy.2);; for any j , we have that

{ZZZ:I N, < c} > {Nk < %} implies {ZZZ:I N, > c} < U, {Nk > ﬁ} Thus we can
conclude that

2 )\romk m ) /\rank ., 2
rank

SN > 22T )

<
~ 2T\/71LLT+]€
)\rankT’yfl 3 mC()
S ng( T\/m ) ? S (/\TankTyfl)2
T

for some 0 < Cy < o where we use Chebyshev’s inequality and (A 32) together with
frir = Op(1/T) from Theorem 2.2 in the last line. Thus with W
neously exclude the last m — r columns with probability tendmg to 1. O

— (0 we simulta-

Proof of Theorem 3.1

Proof. For the least squares estimate é, we consider

T T

~ 1 ~ ~

VT(B - B) = (— AX] (=Y AX, 1 AX] )7
\F ; T ;

Hence we can write the first component with S~ from (3) explicitly as
1 o <

— ) W AX]

\/T ; t t—1

L 5 ¢ 15T g AX]
= —= thX/ 'lUtZ , th/ _ ]SZ’_I l T t=T1 t— t—1 :| )
\/T; - 2 v tgl w ﬁztﬂ Z2,t—1AX£—1

Thus Lemma 3 implies that

)

-

T T
H T Zlﬂ Xt/ 1 Z AX; 1 Zi,t—lzz_llleAx)HF = Op(
t=1 t=1

5=
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and therefore by Lemma 3 and Lemma 1 for (7 M A)V(t,lA)v(g_l)_l it holds that

~ 1 & -~ _ m
||\FT(B - B) - \/_T Z wy(AX] , — Zi,t—lgzllzzle)EAi.zl||F = Op(\/_T
t=1

With AX, | = ZZ;_Zl(AXt_l — EAmzlzz_llZl,t—l); we can thus conclude that

)

- 1& . - 1 & .
|lvec(B — B)—UGC(TZ wAX] )|l < [[(B — B)_?ZthXé—lHF = Oy ) (A.33)
t=1 t=1

T3/2

With triangle inequality and the maximal inequality in Chernozhukov, Chetverikov and
Kato (2013), which implies for vec(w,AX] ;)

T
logm
TZ vee(w AX!_ )|l = O, gT ), (A.34)
this implies the first claim of the theorem. As B satisfies
\/7 ~ )\;fdge 1 Z ) mdge )
T(B—B) = AXt 1AXt 1+ Inp)~
; r4
T - 1 T - - ridge
— Z WAX] ) (= Y AXAX] L)
\F P r4 r
ridge ~ ~
for AT\/T — 0, the asymptotics of B and B coincide. O]

Proof of Theorem 3.2

Because the proof for lag selection consistency is similar to rank selection, we leave it
in the online supplementary.
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