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Abstract We propose a new non-parametric test for detecting relevant breaks in copula functions. We
assume that the data is driven by two non-equal copulas C7 and Cs. Under the null hypothesis, the
copula difference within an appropriate norm is smaller than a certain positive adjustable threshold A.
Within the alternative hypothesis, the copula difference exceeds the fixed value A. The test is based on
a cumulative sum approach of the empirical copula with sequentially estimated marginals. We propose
a bootstrap procedure to compute critical values. The Monte Carlo simulation indicates that the test
results in a reasonable sized and powered testing procedure. A real data application of the DAX30 up to
cross sectional dimension N = 30 shows the test’ ability to detect relevant break points.
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A Assumptions

For the theoretical justification we need some slightly adjusted assumptions following [Dette and Wied(2016)]:

Al) The marginals F;(-) and its inverse Fi_1(~) are assumed to be known for all ¢ € {1,..., N}.
A2) Let {X71,...., X7 r}7en denote a triangular array of strong mixing random vectors and {Ur1,...,Ur r}ren its
corresponding probability transform such that

Ur1,., Up sr] ~ C1(0) 5 Urp |s7)415- U, ~ C2(00).

A3) Consider the triangular array {Urp ;|j = 1,...,T}ren and define for 1 < s < ¢ the corresponding o-field FL(T) :=
o({Xr,;|s < j <t}) generate by the random variable {U7 ; | s < j < t}. We denote by

a(m):=sup sup sup{|P(ANB)— P(A)P(B)||A€FL (T),BecFHT)}, meN
TEN1<k<ST—m

the strong mixing coefficients of the triangular array {Ur 1,..., Ur r} and assume that for some n > 0
o(T) = O(T~1+m)

as T — oo.
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A4) For l=1,2let {W;(l)}+ez denote sequences of strictly stationary processes, such that for each T' € N

d
(Ur,1,- Up | sr)) = Wi(1), ..., Wisr (1))

d
(U, |sT 415 Ur,1) = (W1 (2), .., Wr_ |57, (2))

d
where = means equality in distribution. That means, there are two regimes {W;(1)}:cz and {W¢(2)}1cz and the
considered process switches from one regime to the other.

B Derivation and Asymptotic Distribution of the Test Statistic

We impose the Assumptions given in Appendix A to be valid. Then, the testing problem of no relevant change in the copula
can be defined as follow:

Ho :||Ci(u) = C2(u)llpz < A
versus the alternative
Hy ¢ ||Ci(u) — C2(u)|L2 > A,

where ||.|| 2 is the L?-norm and A > 0 fixed. For every u := (u1,...,un) € [0,1]" and t € (0,1) the CUSUM approach for
detecting changes in the copula is then

[tT] T
N 1 1
O =1 -0 | o Zl 2:(9) = 7 ‘_UZT;Hzi(u) : (1)

where Z;(u) := I{F1(X;1) < u1,..., Fn(Xin) <un}, ¢ =1,..,T is the vector of marginal distributions at time ¢ where
Fj(-) is the known j-th marginal cumulative distribution function for all j = 1,..., N. Before we start the calculation we
compute the expected value of some showing up sums. Since Z; is Bernoulli distributed for ¢ = 1, ..., N we have

E[Z;(u)] = P(F1(Xi1) < w1, .., FN(Xin) < un)

= P(Xi1 < Fy Y(u1), .., Xin < Fy'(un))
=C(u1,.,uN),
C(ut, .-, un)[l = Clut, .., un)]

E[Zi(u)Zi(w)] = b Cut, o un)2.

T

Furthermore, we obtain from A3) and A4) E[Z;(u)Z;(u)] = C;(u)Cj(u) 4+ o(1) Vi # j. Due to readability we introduce
the following abbreviations C; := C;(u) and Z; := Z;(u) for i = 1,2. For fixed s € (0,1), we compute lim E[Up(¢,u)]. We
T— o0

first consider the case t > s

1 LsT] 1 [tT] 1 T
E[0r(t,u)] = t(1 — t)E %LSTJZZHFW Z Zi= 51 Z Z;
i=1 i=|sT]+1 i=tT]+1
s )= (sT) 1 —
=0 | T | e e 2 |
i=|sT]+1

— (1 —1) (fc1 + t_TSC2 - 02) — (1 —1)(C1 — C).

For t < s we obtain

| L) : s X T
E[U7(t, u)] = (1 — t)E WZZi_m Z 2= m Z Z;
i=1 i=[¢T ] +1 i=[sT)+1
ST = (eT) 1 — !
=0 G- e T S () > Z| -1
i=[sTJ+1
=t(1-1t) (1:?01 - 17::02) =t(l—3s)(C1—C2).



Considering both cases yields:

s(1—1t)(C1 —C2) fort>s

E[Ur(t, u)] = {t(l —5)(C1 —C2) fort<s.

The aim is to lose the quantile and time dimension u and ¢, respectively. As an intermediate step we consider
E[(Ur(t,u))?] that can be decomposed into three partial sums A, B, C' with

= 2
A= (LtTJ Zz) (3)

LeT
B::LtTJT LtTjZ Z Zi “)
J=1tT]+1
2
1 T
= Z Zi | . (5)
i=[tT|+1

We first consider the case where ¢ > s and subscript this accordingly.

2

. [T LsTJ LtT )
Atzs B — Z; =E Z;

i=|sT|+1

, LT 2 , L LT , L
=¢ (mzz> v Gy 2 4 (wzz> Bl 2

i=[sT]+1 i=[sT]+1
L [ GG ] st s)
= LTI + me] #2555 o,
1 [lT] - [sT) .
77 [ 020 = o+ (4T = LT PR + 00
2 [Ci(1-C Ca(1 - C: t—s)?
:t72|: 1(T2 1)+CQ:|+2 ( )CC2+ 2(\_tTJ22)+( t2) CQ2+0(1)
:8201+2—C1(t—s)02+( o) C2 +o(1)
[+7)
t>s .
B B LtTjT—LtTJZ J—§+1
[sT] [tT]
= LtTijLtT Z Z Zi| tE LtTjT—LtTj > 7 Z
J=[tT]+1 i=[sT]+1  j=[tT]|+1
=210y + t_Tch +o(1)
2
T
s 1 , _ 1 21T - |7
e Bl g 2 4 _(T—LtTJ> [T—LtTJCQ(“CQ)”(T*“T“Cﬂ
i=[tT]+1
= C2 +o(1).



Hence, we have

) Loy’ |47 ) T ’
——  _E[Ur@¢uw? =E || — Zi| —2— Z; Z; PR Z;
2 —pz vt W [T > LtTJT tTJ Z Z 7o >

i=1 G=[tT]+1 i=[tT]+1
At>s Bt>s Cot>s
s? o s (t )
=t—201+2t—201(t7s)02+ c2 - C + i C2 4+ C2 +o(1)
52 9
= fQ(Cl —C2)* +0(1)
t
Now we consider the case where t < s
[tT] |
t<s | _ 1 [tT _ _ 2
AT E TZ = P (TTJ [C1(1 = C)] + (LtT|Ch) ) =C? +o(1)
- [+T)
t<s , .
B= B LtTJTf[tTjZZ Z Z
j=1tT|+1
LtT ] sT] [tT] '
S
=k LtTJTf[tTjZZ Z Zi| TE LtTjT LtTJZ Z [1 PR 2] C1+o(1)
Ji= LtTJ+1 j=[sT]+1
r T |sT) T 2
t<s L v _ v
o E T — |tT] Z Zi £ |_tTJ Z —LtTj Z Zi
L i=[tT] i=[tT] i=|sT|+1
[ LsT) 2 LsT] T T
1 1 1 1
=E 7= Z % TR T Z z T — [tT] Z Zil | Y E N 7o Z
L i=tT] i=|tT | i=|sT|+1 i=|sT|+1
-~ 1 |sT] — [tT] _ _ 2 s—t  1—s
— e (o Lo (€20 = ) + [(LsT) — LTDGA? ) + 231 6 p =50
1 — |sT] 2
+ ST ( m—yo [C2(1 = C2)] + (T — |sT])C2] ) +o(1)
(s —t)* s — —s (1-s)°
= 2 _ 1
a f)zc + + Cll tC2+( t)QC + o(1)
This yields for the expression E[Ur(t, u)?]

1 LtT] [tT] 1 T 2
———E[Ur(t,u)?] =E -2 Z; Z; — Z;
t2(1—1¢)? Wz (w7l LtTJ Z \_tTJ T— tTJ Z Z Rl [tT'] Z ‘

j=[tT|+1 i=|tT|+1
Atss Bt<s Ct<s
(s t)2 s—t ,1—s (1-35)?% |:s—t 1—s }
c? C C! Cs—2 Ch Ca| C1+C
—1)2 e 2t a2 1—t +1—t 1+ Cf +o(1)
( —s)? 2
C; - C
- t)2( 1—C2)" +o(1)
Combining the previous calculations for ¢ > s, t < s and with the help of Fubini we obtain
a s%(1 = 1)?[|C1(u) = Ca(u)||7 s
L(t) := lim E[||Ur(¢, u)])?,] = L2
(1) = Jim_ E[[0r(t,w)|2] {(1 ) ol 2
By integrating out t a straightforward calculation yields
1 2 2
s“(1—s
/ ra = "oy~ ).
0
The next theorem provides the limiting distribution of the empirical centred counterpart Ly (t) := ||Ur(t, u)HQL2

Z;



Theorem 1 Under Assumptions A1)-A4)
1
N 1 d
VT / Lr#)dt = 35*(1 = 9)*[|C1(w) = Co(W)l[72 | — N(0,0¢, 0, .0): (M

0
with 0%1 Cgis = 4]01 fol E (< U(t1,u), A(t1,u) >2< U(ta, u), A(t2,u) >p2]dtidts and < -,- >2 the L? inner product.
Proof See Appendix C

Due to the high computational effort in high dimensions using the L?-norm it could be reasonable to only test for
specific quantiles (points) q in the copula. So similar to the L2-norm testing we can test on fixed points q = (¢1,...,qn)’
in the copula, using the previous notation and considering a constant functions g := C(q), where C(q) is the copula value
at some fixed quantile q.

Corollary 1 Under Assumptions A1)-A4)
1
N 1 d
VT /LqT(t)dt - 552(1 —5)?|C1(a) — C2(q)]® | == N(0,03, cy.e.q) (8)

0
A N 11
with L3 (t) := (Ur(t,@))? and 02, ¢, . q =4[, [, EU(t1,a) - A(t1,Q) - Ultz, Q) - A(t2, q)] dtrdis for fived q € [0,1]V.
ﬁqT (t) and 0%1,02787q are called the quantile version of L (t) and 0%1‘02’5, respectively. The next Lemma shows that
the test holds the size level and has considerable power.
Lemma 1 The test

Ay > %SQQ _s2a? 4 F1mal®) (9)

VT
is a consistent asymptotic a test for all s > 0, where k1—_q(s) is the (1 — a)-quantile of the limiting normal distribution

1
gen in (7) and kp = fﬁT(t)dt.
0

Proof Suppose § := ||C1(u) — C2(u)||p2 < A. Then

1 k1— 1 1
Ps(hp > =s2(1 —)24% + 170‘(5)) = P(VT(hp — =s%(1 — 8)26%) > VT =5%(1 — 5)2(A? = 6%) + k1_a(s))
3 VT 3 3
1
< P(VT(Rr = 25%(1 = 9)?0%) > ki—al(s))
1-(1-—a)=oa.
Tl
Otherwise, if § > A
- 12722"31—&(5)_\/’A712722 \/>1272272
Ps(hp > =s*(1 — 8)°A* + ———=) = P(VT((Rr $9(1 = 5)%6%) > VT =s%(1 — 8)*(A* — 6°) +ki—a(9))
3 JT 3 3
<0
1 1
=1—P(VT(kp — 552(1 —5)26%) < ﬁgs% —8)2(A?% = 62) + k1—a(s))
— 1-0=1.
T— o0
The test given in equation (9) is an exact level « test if A is chosen as the copula difference § = ||C1(u) — C2(u)||p2.

Otherwise the size is smaller than a.



C Proof of Theorem 1

We execute the proof of Theorem 1 stepwise. First, we start to consider only one partial sum of the process @T(-, -, i.e.

[tT]

Cr(t,u): :%ZZi(u). (10)
=1

Second, by means of the continuous mapping theorem we obtain the limiting distribution of the process [[AJT(-7 -) and can
then finally derive the limiting distribution given in Theorem 1. Again, for the computation of the expectation of Cp(-,-)
we have to distinguish two cases, i.e. either t < s or ¢t > s. If t < s, we have limp_, E[CT(t, u)] = tCi(u). For t > s a
straightforward calculation yields

1 [sT] 1 [tT]
ECrtw]=E | =Y Zitw+z Y Ziw
i=1 i=[sT]+1
=sCi(u) + kTIﬁTJC’Q(u) = sC1(u) + (t — s)Ca(u) + o(1).

Thus, the expectation of the partial sum CT(~, -) is given by
By casltiu) i= lim BCr(tu)] = (s ACL(w) + (£ = 5)4 Calu). (11)
— 00

With the expectation (11) we derive the asymptotic distribution of the centred partial sum process (10), which leads to the
following theorem.

Theorem 2 Let Assumptions A1)-A4) hold. Then, a standardized version of the process {Cr(t, W}ic(0,1),ucio,1]N COT-
verges weakly in £°((0,1) x [0,1]V), i.e.

\/T{CT(t,u)—ECLCQ,S(t,u)} :d> {GCl,Cg,s(t,u)}

t€(0,1),uef0,1]N t€(0,1),uef0,1]N

Here, Goy,cy,s denotes a centred Gaussian process with covariance kernel
E[Gey,05,5(t1,u1)6 0,05 (b2, u2)] = (B Atz A s)ki(ur, uz) + (1 Atz — s)+k2(ur, uz), (12)

and the kernels k1 and k2 are defined by

Fi(ur,uz) = Y Cooll{Wo(l) < wi}, {Wi(D) S ue}], 1=1,2. (13)
i€Z
Proof Consider
[tT]
Cr(tu) — E froul = 2> Zi(w) — [(#A $)C1(w) + (¢ — )4 Ca(w)] + 0p(—=)
u) — sit,ul = — i(a) — - — =
T(t, Cy,Ca, T 4 1 1 +C2 P Nis
i=
1 [T(sAt)] 1 [tT] 1
=7 D Bw-a@ltiissn Y 1Ziw - Caw)] +or(2)
i=1 i=|T(sAt)]+1
L LT(snt)] [tT ]
XV (tu):= S vraw X (tu):=1{t>5) > Yp,i(a)
i=1 i=|T(sAt)]+1
with Yr ;(u) := 1{: < LSTJ}M +1{i > LSTJ}M
Then it follows by [Biicher et al.(2014)Biicher, Kojadinovic, Rohmer, and Segers| for T' — oo
d
1. {\/TXS;)(IZ u)}ie(o,1],ucfo,1)» = G(tAs,u)
d
2. (VTXP (t,w) o1 uefoa)n == G(t,u) — G(t A s,u)
where G(, -) are tight centred Gaussian processes with covariance function
COV[G(tl A s, U1), G(tg AR uz)] = (tl AR WA 8)k1 (1.117 112) (14)



and

Cov[G(t1,u1) — G(t1 A s,u1),G(t2,u2) — G(t2 A s,uz)]
= COV[G(tl, ui, (G(tg, u2)} — COV[Z(tl7 ul), G(tg A s, u2)]—
Cov[G(t1 A s,u1),G(t2,u2)] + Cov[G(t1 A s,u1),G(t2 A s,u2)]
= (tl A tg)kz(ul, U2) — (tl Ata A S)kQ(ul, u2) — (tl ANta N\ S)kz(ul, u2) + (tl ANta N\ S)kQ(ul, u2)
= (tl Nto —t1 ANta A S)kQ(ul, UQ)
= (tl Nty — 8)+k2(U1,UQ).

Thus, the composition VT X := VT (Xg}) + Xg?)) is asymptotically tight [cf. Section 1.5 [van der Vaart and Wellner(1996)]].

In order to prove convergence in distribution of vT'X it remains to establish the weak convergence of the finite dimensional

distributions. Therefore, we use the Cramér-Wold-device and show for all sequences (t1,u1), ..., (tn, un) € [0,1] x [0, 1]™
k k
\/T{ZanT(tj,uj)} = Zachl,CQ,s(tjvuj) (15)
i=1 j=1
with a1, ...,a; € R and Gg, c,,s is the Gaussian process defined in Theorem 2. Now, we restrict ourselves to the case k = 2

and begin with the calculation of the covariance of Xg}) (t1,u1) and X(TQ) (t2,u2). Therefore, we consider four different cases.
t1 <ty <s:

TCOV[ng)(tL uy), Xg) (t2,u2)] T:>>°° {étl Ha ) s

if l =2.
s<t1 <ty
oo | tk (u1 UQ) ifl=1
TCov[XW (t1, u1), X (t2, us)] T 25 1\,
ovl T (f1, 1) T (t2, u2)] (t1 Ata — s)+k2(u1,u2) ifl=2
t1 < s < ta:
[t1T] [t2T]
TCovX{ (b1, w), X (t2, w2))| = TICov[ Y~ Ytz ua), Y Ytz uo))
j=1 j=|sT|+1
1 1
= O(ry) = O() = o(1)
for all n > 0.

In the case where t; = s < t2 we use a sequence e such that epT — oo and G%T — 0 and obtain by the same argument of
strong mixing

T|COV[X§£) (t1,u1), XE,{) (t2, uz)]|

\T(s—e)] 5T | T(s+er)] Lt
= T|Cov]| Z Yri(ti,ur) + Z Yr,i(t1,u1), Z Yr,i(t2,u2) + Z Yr,i(t2,u2)]|
i=1 =T (s—ep)]+1 i=[sT]+1 i=|T(s+er)|+1
-0 O(Te) = o(1
((eT)T")+ (Ter) = o(1)



2
o? = lim V[\/TZanT(tj,uj)]

T— o0
j=1
= lim V[ay (X3 (b1, ur) + X (01, ur)) + aa (X (b2, uz) + X (b2, ua))]

T— o0

= lim T{a2Cov[X (t1,ur1), X5 (11, u1)] + 201 a2 Cov[X Y (¢, ur), X (£, u2)]
—00

+ a%Cov[ng) t1, ul),ng)(tl, uy)] + 2a1a2Cov[Xg?)(t1, u1),X,(1?)(t2, uz)]

(
+ a3Cov[X (Y (t2, u2), X (t2, u2)] + a3 Cov[XD (t2, uz), X2 (t2, u2)]}
= a2 ((t1 A s)kr(ur,u1) + (t1 — 8) L ko (ur, ur))

+ a% ((t2 A s)k2(uz,u2) + (t2 — s)+ka2(uz2,uz))

+ 2aqaa ((t1 At A s)ki(ur,u2) + (t1 Ate — s)1ka(ur,uz))
= V][a1Gey,cy,s(t1,u1) + a2Goy 0y s (L2, uz)]

with E[Gcy 0y,s(t1,u1)Gey 0,5 (t2, u2)] = (t1 At2 As)ki(ur, uz)+ (t1 Ata —s) 4 k2(u1, uz) where the kernels for i = 1,2
are given by

ki(u, uz) = Z Cov[L{Wo (i) < w1}, 1{W},(5) < uz}]
keZ

2
In order to prove asymptotic normality of VT Z a; X7 (tj,u;) we introduce the notation
j=1

7 2 T
Ty = 2= § X t-,-:§S~ 1
T s a; Xr(t;,u;) T, +op(1)
=1 j=1

with
arl{j < [t.T]}
Sr,j = By — (1{U; S w1} = Ecy 0 0(t1,m1))
aol{j < |toT
+M (1{U; < w2} —Ec, 0 1(t2, u2))

oVT

and we use a central limit theorem for triangular arrays of strong mixing random variables [see Theorem 2.1 in [Liebscher(1996)],
with p = 00.] From the previous discussion it follows that limz_; o E[’]I‘%] = 1 and thus, we have

T
lim (ess sup[| St,; | 1{|ST;| > €}])? =0 as..
T—o0 weN
j=1
Similarly, it follows that the condition
T
lim (ess sup | St,;|)? < const as..
T—oo — wes
j=

of Theorem 2.1 in [Liebscher(1996)] is also satisfied. Therefore this result shows that

2
T
ﬁzf"jxn(tjyuj) = —7L_ 2 N@©,0?)

~ /E[T2]

where the asymptotic variance o2 is defined in (16). This proves the convergence of the finite dimensional distributions and
completes the proof of the theorem.

Now, we can follow the asymptotic distribution of the centered @T(t, u), by using the continuous mapping theorem
with UT(t, l_l) = (CT(t, I_l) - t(CT(l, 11)4

Corollary 2 Under assumptions A1)-A4) we receive for t € (0,1) and u € [0, 1]V

\/T ([[jT(tr u) - U(tv u)) :d> {A(tv u)}te(O,l),ue[O,l]N7 (17)



where Up (t,u) = Cr(t, ) —tCr(1,u), U(t,u) = Ecy,cy.s(t, 1) —tEc, cq.s(1,0) and A(t,u) = Go, 0y, (t, W) —tGoy 0y.5(1, 1)
with covariance kernel

acy,Cy,s(t1,ur, t2,uz2) = E[A(t1,u1)A(t2, u2)]. (18)
Now, we can complete the proof for Theorem 1. By Corollary 2 we have for t € (0,1) and u € [0, 1]
VT (U (t,0) — U(t, u)) =5 A(t,u).
Thus, for every inner product space we have we can rewrite ﬁT(t) — L(t) for t € (0,1) as
Ly (t) — L(t) = [|[Ur(t,u) — U(t,u)||> + 2 < U(t, ), Up(t,u) — U(t,u) > 12 .
Then, by Corollary 2 and the consistency of U (-) in (2) we get

~ d
VT (Lr(t) = L(t)) = 2 < U(t,u), A(t,u) >p2 .
Thus, with the help of the continuous mapping theorem we receive

1 1 1

VT /ﬁT(t)dt—/L(t)dt 4 /2 < U(t,u), A(t,u) >p2 dt =: Q

0 0 0
1

VT /LT(t)dt*382(1*8)2”01(“)*C'z(u)H2 % Q,

0

where the random variable @ is normally distributed N (O, 0%1 Cy ) with variance term

1 1
0%1’02,3 :4/ / E[< U(t1,u), A(t1,u) >12< U(te,u), A(tz,u) >2]dtidta.
0 0

D Covariance Bootstrap

Another approach next to the full bootstrap is to estimate the variance term of the limiting normal distribution’. Therefore,
we have to estimate the covariance of the centred Gaussian process dc,,cy,s(t1,t2) = E[Dc; 0y,s(t1), Doy 0,5 (t2)] by using

resampling, cf. Theorem 1. We also assume that our sample {X;}7_; is compounded of {X; }LSTJ and {X;}T such

i=|sT]+1°
that there is only one breakpoint location in |sT'| with s € (0,1), i.e. {X; }LSTJ ~ C1(F(X)) and {X; }T LsT )41 ™ C2(F(X)).
Then, the covariance bootstrap procedure suggests the following course of action:

i) Estimate the breakpoint location |sT'| with | §T'], where § is determined by § := argmax ||[Ur (s, u)|| 2. Sample separately

s€(0,1)
with replacement from {X; }LSTJ and {X; }Z_ Ls7 |41 tO obtain B bootstrap samples {X( )}Z ,forb=1,...,B.
ii) Estimate B versions of the copula difference A, = = ||C13T (u) — C3T+1T (u)| .2, using the estimated break point

location §T" and re-sampled data {X(b) Tfl, forb=1,...,B.
iii) For t1,t2 € [0, 1] compute separately

DY (t:) i=< VT (0% (ti,0) = UP(t:, 1)) , U (ti, u) > 2

for i = 1,2 using {XEb)}ZT=1 for b=1,..., B, where U’(t;,u) = (min{$,t;} — 5t;) AL,
iv) Estimate the expected value given covariance of Theorem 1 for ¢1,t2 € (0,1) by the mean

B
dC'1,C2, (t1,t2) = Z 1(t1 D2 (t2).

v) Estimate the variance 0%1702’8 from Theorem 1 by integrating out over t; and ta, i.e

1 1
62,0y = 4/ / dey,cy,(t1, t2)dtrdt
0 0

and compute the g-quantile z4 of N (0, 6%1 Cs ;) where g € (0,1) .

1 Since we are only able to derive the limiting distribution in the case of known marginals, there is no theoretical evidence
that the covariance bootstrap is applicable for sequentially estimated case.



The testing procedure is as follows: We reject the null of no relevant change ||C1(u) — Ca(u)||z2 < A if

1

/ﬁT(t)dt N Gl IS (19)
3 VT

0

The bootstrap and testing procedure can be easily adapted to the quantile case, i.e. u is fixed, by adapting step i) - iii).
Note, the test given in equation (19) is an exact level « test if A is chosen as the copula difference ||C1(u) — Ca(u)l| 2
or |C1(q) — C2(q)|?. Otherwise the size is smaller than «. By the continuous mapping theorem we obtain that the left
hand side of (19) converges weakly to a degenerated random variable if the copula difference is equal to zero (no break
point). Consequently, the level of the proposed tests have practically size zero, whereas classical stationarity tests hold
the asymptotic a-level. Thus, the power of the classical tests is usually larger than the power of the relevant change tests
cosndiered here. For practitioners we suggest to run a classical test first, e.g. [Blicher and Ruppert(2013)] for the case of
known marginals and [Bucher et al.(2014)Biicher, Kojadinovic, Rohmer, and Segers| in the case of sequentially estimated
marginals. If the test rejects the null of stationarity, i.e. the copula difference is significantly larger than zero, estimate the
break fraction and apply the proposed relevant change test.

E Simulations for the Covariance Bootstrap

The data generating process (DGP) is similar to the DGP used in the main paper. We recap the description of the DGP
since we want the Supplement Appendix to be autonomous readable. Let

Xy = [X1t, X2]" = N2 (0, Ze(p)) s (20)
where N2 (0, X¢(p)) with ¢t = 1,...,T describes the bivariate normal distribution with expectation vector zero and covariance
matrix X¢(p) = (11) f) and p € [—1,1]. We set p equal to —0.3 for t =1, ..., % and p = 0.8 for t = % +1,...,T. Thus, the

breakpoint sT" is chosen at % ‘We restrict the size analysis in this subsection to the two dimensional case N = 2. The
following size study presents both L2-norm based results and an analysis where we consider the specific point u = (0.6,0.6).
Note, the closer the quantile is to its boundaries, i.e. 0 or 1, the more observations are needed. Critical values of our tests
are computed using the bootstrap algorithms from Sections D with B = 300 bootstrap replications. The tests are performed
at the a = 0.05, 0.1 significance level using 301 Monte Carlo replications. The computations were implemented in Matlab,
parallelized and performed using CHEOPS, a scientific High Performance Computer at the Regional Computing Center of
the University of Cologne (RRZK).

Table 1 presents the results of the relevant change tests under the null with A chosen as the estimated copula difference
|C1(u) — C2(u)|, where C1 and Ca are estimated by the consistent copula estimator

to
A 1
= i < I3 < El
O(w) = === Y UF(Xir) Sup, o, Fy(Xin) < un} (21)
i=t1

using realizations {X1,... X 37} and {X|sp|41,--- X7}. The breakpoint |8T| is estimated by

4 := argmax [Up (s, u)|. (22)
s€(0,1)

Table 1 reports the results of the relevant change tests under the null, where the functional difference between the copulas is

determined by the L2-norm. Similar to the quantile case we consider for the size analysis A := ||C1(u) — C2(u)||2 and
accordingly § := argmax ||[Ur(s, u)|| 2. Collectively, the tests show good size properties and converges to the predetermined
s€(0,1)

rejection level « if T' gets larger. Overall, the covariance bootstrap shows good size properties for both, the quantile version

Table 1 Size using quantile version for Covariance Bootstrap

Copula with known marginals
T = 300 T =500 T =750 T = 1000
q95 0.099 0.083 0.059 0.046
q90 0.142 0.106 0.109 0.109

Table 1 reports the rejection rate of the relevant change test for data generated with the DGP described in (20) for
known marginal distributions and sequential estimated marginals using the two distribution estimation methods, using
B = 300 bootstrap replications. The copula difference is evaluated at u = (0.6, 0.6). In total, we conducted 301 Monte Carlo
replications.

2 For a detailed description of the quantile version of the test statistic we refer to the main paper.
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Table 2 Size using the L2-norm

Copula with known marginals (Covariance Bootstrap)

T = 1000 T = 2000 T = 3000 T = 4000
q95 0.085 0.063 0.046 0.066
q90 0.156 0.122 0.113 0.102

Table 2 reports the rejection rate of the relevant change test for data generated with the DGP described in (20) for known
marginal distributions and sequential estimated marginals using the two distribution estimation methods, using B = 300

bootstrap replications. The copula difference is determined using the L2-norm. In total, we conducted 301 Monte Carlo
replications.

of the test and the test given in (19) by a moderate rate of bootstrap replications.
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