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Introduction

@ Test whether y;; is nonstationary, specifically a unit root
> Does yjr = yjt-1+¢€it?
@ In pure time series case, if unit root then test statistics are not normal

» instead functions of Wiener processes / Brownian Motion
» and have low power: cannot easily distinguish between
Yie = 0.9yj,e-1 + €jr and yjr = yjr—1 + it
@ Panel data may give more power
» again nonstandard asymptotic theory + intercept(?) + trend(?)

» in particular, may need to recenter and rescale test statistic
» but then usually normally distributed

@ But - there are many different tests of unit roots in panels

» N — oo or T — oo or both; heterogeneity; cross-section correlation
» for panel case there is no general clear best test

» good idea to read the original paper before using a test

» and rely on economic theory to give likely model for y;;.
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ComEEgaEE
2. Time Series Unit Root Tests Consequences

@ y; has a unit root if need to first difference to get stationary process

» examples: random walk with drift and random walk without drift.

@ Random walk without drift
> If yr = yr1 +er then yr = (yeo+6t-1) e = - -
50 yt = Yo + Le_o s
* shocks are permanent as Agg =1 = Ay; =1
e Compared to AR(1)
> Versus yr = py; 1 +ét, p <1, then yr = p(oyr o +er 1) +er=---
so yr = p'y0 + Lo Pt %es
» shocks disappear as Agg = 1 = Ay: = pt — 0.
@ Fundamental result: shocks are permanent if unit root.
@ Random walk with drift: y; = a + y;—1 + &

> implies yr = yp +at + Y L_ges
» so induces a linear time trend as well as being nonstationary.
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2. Time Series Unit Root Tests Dickey-Fuller Test

Dickey-Fuller Test

e Fuller (1976). Rewrite the model

Yo = pYi-1+té&:
Ay: = (p—1)yr—1+¢
= ¢yr-1+¢s.

» unit root if ¢ = 0 and stationary if ¢ < 0.
@ Dickey Fuller test: test Hp : ¢ = 0 against H; : ¢ < 0 in

Ay = pyr1+ ¢

@ Obvious approach is to test for ¢ = 0 in regress y; on y;_1

» But under Hp : ¢ = 0 test statistic has nonstandard distribution
> use special tables not t tables

» Stata command dfuller
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Dl il Vs
Simulation

o DGP: y; = y1_1 + & where ¢ iid N[0,1] and T = 50.
@ Stata code

set seed 10101

program unitroot, rclass

drop _all

set obs 50

generate time = _n

tsset time

generate epsilon = rnormal(0,1)

generate yrwalk = 0

replace yrwalk = L.yrwalk + epsilon if time > 1

regress D.yrwalk L.yrwalk

return scalar b2 =_b[L.yrwalk]

return scalar se2 = _se[L.yrwalk]
return scalar t2 = (_b[L.yrwalk]-0)/_se[L.yrwalk]
end
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2. Time Series Unit Root Tests Dickey-Fuller Test

@ Do 10,000 simulations and summarize results
quietly simulate b2=r(b2) se2=r(se2) t2=r(t2), ///
reps(1000) saving(unitroot, replace) nolegend nodots: unitroot
summarize b2 se2 t2
mean b2 se2 t2
histogram t2, normal title(” DF Unit root test Case 2")
centile t2, centile(1 2.5 5 10 90 95 97.5 99)

@ Centiles for t-statistic;: 1 2.5 5 10 90 95 97.5 99

> N[0,1]: -2.57, -1.96, -1.64, -1.28, 1.28, 1.64, 1.96, 2.57
> Simulation: -3.56, -3.22, -2.92, -2.60, -0.40, -0.02, 0.30, 0.63
> DF Tables: -3.58, -3.22, -2.93, -2.60, -0.40, -0.03, 0.29, 0.66

@ Definitely not normal or T(48).
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2. Time Series Unit Root Tests Dickey-Fuller Test

DF Unit root test

-6 -4 -2 0 2
t-statistic for slope coeff from many samples
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et ey Fullar s
Dickey-Fuller Tests (continued)

@ Complication 1: There are two test statistics
> The t-statistic ¢/se(q)
» The z-statistic T¢

* we can use the z-statistic in addition to the t statistic because when
¢ = 0 its distribution does not depend on unknown parameters .

@ Complication 2: Under Hy these statistics have nonstandard
distributions - functionals of Wiener processes (Brownian motion)

» asymptotic results use a functional central limit theorem that does not
require €+ to be normally distributed
> letting ¥ = ¥(r) denote a detrended Wiener process

x TP LX) Ly G 4 [¥(ar)

J¥(r)2dr se(P) \/W

» finite sample results assume &; is normally distributed
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et ey Fullar s
Dickey-Fuller Tests (continued)

@ Complication 3: These distributions change when deterministic terms
are added to the regression, so y; = d}7y + pyr—1 + € where d; is
constant plus possibly trend

Case 1: yt = pyr—1 + €+ estimated and Hp : yr = yr—1 + &

Case 2: y; = w4+ pyy_1 + €t estimated and Hy : yr = y¢—1 + €t
Case 3: yt = a4+ pyp_1 + € estimated and Hy : yr =0+ yp—1 + €t
Case 4: y; = o + 6t + pyr_1 + €+ estimated and

Ho:yt =0+ yt—1+¢et

v v vvY

@ Most often use cases 2 and 4

» case 3 unrealistic as Hy model yy = yg+dt+ (er +er- 1+ -+ ¢€1)
has time trend
» lose power as move from case 1 to case 2 to case 4

o Stata dfuller uses the t-statistic ¢/ se(¢)

» cases 1-4 are, respectively, options (1) noconstant, (2) the default, (3)
drift, (4) trend
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2. Time Series Unit Root Tests Unit Root Tests

Unit Root Tests for Time Series

o Complication 4: ¢; is serially correlated
@ Dickey and Fuller (1979) - Augmented Dickey-Fuller (ADF) test
» easiest to understand
» add lags until &; is serially uncorrelated and use original DF tables
> so estimate Ayr = diy + ¢yr—1 + Zszl Y Dyr_k + €t
> t-statistic is ¢/se(¢) and z-statisticis Tp/(1—F; — - —7 1)
» determine # lags using AIC or BIC or by specifying K, doing regular
t-test on 7Y, then ¥, _q, then, ...
e Phillips and Perron (1988) test
» correct the original (unaugmented) DF test for € serially correlated
» then use the original DF tables
o KPSS (1992) test of Hp : ¢ < 0 against H,: ¢ =0

» OLS regress yr = dyy + ug, U = yr — d}7y, S¢ = 22:1 ﬁg
» LM =Y., S?/(T?fy); fy is estimate of the long-run variance of T

@ Other tests include DF-GLS test coming next.
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2. Time Series Unit Root Tests Unit Root Tests

Unit Root Tests for Time Series (continued)
o Elliott, Rothenberg & Stock (1996) test - DF-GLS test

» this is viewed as the best unit root test
» most powerful test against local alternatives Hp : ¢ = cT for fixed ¢
» Stata command dfgls

o yy=diy+py_1+ Z,’le YilDyi—k + € de = 1orde = (1, t)
> DF test jointly estimates  and p and ) s
> when d; = 1 equivalently p (and ) s) from OLS of (y: —y) on
p(ye—1—ye1) and Ay;_,s.
o 1. Instead (GLS step) estimate -y by 94 from OLS in
(e —pye-1) = (dt — pds)"y + v;
» wherep=1—7/T fords =1and p=1—135/T fordr = (1, t)
o 2. ¢ (and v,s) by OLS in Ay; = ¢y | + L0 1 7Dy, + w: where
vi =y —dy R
@ 3. Use t-statistic for ¢ =0

» for dr = 1 use DF tables (case 2)
» for dy = (1, t) use tables in Elliott et al.
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3. Panel Example: Real Exchange Rates and PPP Data Description

3. Panel Example: Real Exchange Rates and PPP

@ Real Exchange Rate annual data 1970-2003 on 151 countries.
Balanced with T =34 and N = 151

Sometimes restrict to OECD N =27 or GT N =6

USA is the reference country

Data from Stata Manual [XT] xtunitroot.

vy v vvY

@ Real exchange rate = nominal exchange rate x (price in home
country / price in foreign country)

A = EP/P
InA = InE+InhP*—InP

@ Purchasing power parity says no unit root (instead 1(0))

» reason: real exchange rate is mean-reverting
» essentially even if In E, In P* and In P are I(1)

* they are cointegrated so that In E 4 In P* —In P is 1(0).
@ Also there is no reason to believe there is a trend
> 5o unit root tests here do not include a trend.
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3. Panel Example: Real Exchange Rates and PPP Data Description

Data Description

.Odescribe

ContainsOdatanfrom pennxrate.dta

00obs:0000000005,134

Ovars:00000000000010000000000000000000000000001500ct02012022:17
Osize:0000000200,2260(99.7%00f0memorydfree)n00(_dtanhasinotes)

00000000000000storagedddisplaydioooovalue
variableOnamennotypedooformatinoooolabeloooooovariablenlabel

country 0str3000%9s
year 0int0o00%s.
xrate 0floatno%9.
ppp 0floatno%9.
id 0floatnn%g.
capt 0floatnn%9.
realxrate 0floatnn%9.
Tnrxrate 0fToatnn%9.
oecd Obytennn%8.
g7 Obyten0n0%8.

0Og
0Og
0Og
0Og
0Og
0Og
Og
0g
0Og

NominalOexchangelrate
PWTOPurchasingiPoweriParitynindex
group(country)

Reallexchangelrate
LogOrealOexchangelrate

Sortediby: idOOyear
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3. Panel Example: Real Exchange Rates and PPP Data Summary

.0*0Summarizeldata

.Osum

pooovariable

00000000bs00000000Meand000Std. ODev.0000000Min00000000OMax

ooooocountry
00D00000year
00Dooooxrate
000000000ppp
00000000004d

gooooooooo

00000051340000001986.500009.8116640000000197000000002003
000000513400001412.495000036112.620001.67e01200001507226
00000051340000664.0886000018089.860001.54e012000852999.1
0000005134000094.36424000052.876790000000000100000000188

0oopoooodcapt
fo0realxrate
gooolnrxrate
00000000oecd
000o0oooooog?

00000051340000000000340000000000000000000003400000000034
000000513400000.6324190000.57033170000.00552200011.02636
00000051340000.63752650000.568052400005.199020002.400289
00000051340000.17880790000.38322870000000000000000000001
00000051340000.03973510000.19535520000000000000000000001

0poooTnxrate
0000000 Tnppp
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3. Panel Example: Real Exchange Rates and PPP Data Summary

Panel Summary
@ Key variables have both within and between variation

> Inrxrate is key variable
> Inppp is In price ratio and Inxrate is In nominal exchange rate

.OxtsumdInrxratedTnxratedInppp

variable 000000Meann00Std. ODev.0000000Min00000000OMax |O000Observations
Tnrxratedoverall 0.6375265000.568052400005.199020002.400289 |00000NO=00005134
000000ooobetween 0.43173510001.560863000.7197967 |00000n0=00000151
000000000wi thin 00.3707920005.1378270001.797904 | 00000TO=00000034
Tnxratenooverall 01.8568420004.19494700027.1184700014.22578 |00000NO=00005134
0oooooooobetween 03.45194200016.001390007.287732 |00000n0=00000151
000000000within 02.39964300012.4617700023.86295 |00000TO=00000034
TnpppO00doverall 01.1979760004.09734300027.1969300013.65651 | 00000ONO=00005134
000000000between 03.40315500016.521280006.778892 |00000n0=00000151
000000000within 002.2980900013.06217000022.3583 | 00000TO=00000034

@© A. Colin Cameron Univ. of Calif. Davis 4A: Panels - Unit Root Tests November 2013 16 / 56



3. Panel Example: Real Exchange Rates and PPP Line Charts

Line Charts (for OECD)

@ Seem to move together against the reference USA

» xtline lnrxrate if oecd == 1, overlay
» control for cross-country correlation by including y; = % Z,N=1 Vit

@0
8
8o
g
ow |
é 0
EER
D
S
F[' A T T T T T
1970 1980 1990 2000 2010
year
— id=9/id= 85 — id = 10/id = 88
— id=13/id= 95 — id = 3Vid = 105
— id= 32/id = 112 id= 47/id = 126
— id=53/id= 127 —— id= 56/id = 129
— id = 58/id = 137 id = 61/id = 140
id=63/id=159 —— id=69/id= 171
— id=77 id= 80
— id=83
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4. Time Series Unit Root Tests [N€[=13EVETN

4. Time Series Unit Root Tests for GBR-USA

@ Consider ADF test for a single time series

» Inrxrate is GBR-USA log real exchange rate

.0*DADFOtestOwitho50Tags
.0dfullerdlnrxratedificountryi==0"GBR",01ags(5)

AugmentediDickeyOFullerotestiforiunitirootininoiooi00INumberiofiobsiin= 000000028

—————0InterpolatediDickeydFuller —
000000000000000000Test0000000001%0Criticalinnoonns%ocriticaloonnnnlo%socritical
000000000000000Statistici0n00000000valuell00000000000vValued00000000000OValue

0z(t) 000001.63200000000000003.73000000000000002.99200000000000002.626

MacKinnonOapproximatedpivaluedforoiz(t)io= 0.4666

@ Do not reject Hp as p > .05

» conclude there is a unit root!

@ But this is very black box.
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4. Time Series Unit Root Tests [N€[=13EVETN

@ The following also shows the associated ADF regression
dfuller lnrxrate if country == "GBR", lags(5) regress

0oD.Inrxrate

000000Coef.000Std. DErr.000000t0000P>|t|00000[95%0Conf.0Interval]

oooolnrxrate
JooooooooLl.
0ooooooooLb.
000000ooL2D.
Jo00ooooL3o.
Jo00ooooL4o.
00000000LSD.

goooooo_cons

ooo.
ooo.
ooo.
ooo.
ooo.
ooo.

ooo

2397465000.
4322423000.
0879437000.
2028981000.
1348889000.
1590723000.

.0083102000.

1469375000001.630000.11800000.54531980000.0658268
2210537000001.960000.06400000.02746410000.8919487
2176313000000.400000.69000000.36464540000.5405327

2105659000000.960000.
2074825000000.650000.
1595226000001.000000.

0219679000000.380000.

34600000.64079380000.2349977
52300000.56637230000.2965946
33000000.17267310000.4908177

709000000.0539950000.0373746

@ The estimated coefficient —.239 is a long way from 0

v

v

v

Note, however, that @ is considerably biased below zero if ¢ =0
Fail to reject Hp in part because very noisily estimated
And note that Hp is unit root, not Hy is no unit root.

o Aside: dfgls with 5 lags also does not reject Hp
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4. Time Series Unit Root Tests

GBR-USA

@ The autocorrelations look a lot like AR(1) with p ~ 0.7, not like unit

root.

.0*0ACF

.OcorrgramidTnrxratedificountryi==0"GBR"

0000000000000000000000000000000000000000000100000000000000010010000000000000001
OLAGOO0O0ODOODACOO00000PACOOO00OQUOONOOProb>Qil[Autocorrelation]id[PartialiAutocor]

1 0ooo.
2 0ooo.
3 0ooo.
4 0ooo.
5 ooo0.
6 0ooo.
7 0ooo.
8 0ooo.
9 0ooo.
10 0ooo.
11 0ooo.
12 0ooo.
13 0oo0.
14 0ooo.
15 0ooo.

74360000.
47340000.
22760000.
08460000.
05750000.
03150000.
06200000.
12050000.
14680000.
22550000.
24070000.
16030000.
01410000.
13920000.
20590000.

771500020.509000.
2900000029.08000.
047800031.125000.
098400031.416000.
102400031.556000.
15910000031.6000.
112700031.774000.
113000032.457000.
017700033.513000.
426000036.106000.
027900039.189000.
212700040.619000.
0061000040.63000.
085300041.817000.
102300044.547000.

0000
0000
0000
0000
0000
0000
0000
0001
0001
0001
0000
0001
0001
0001
0001
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5. Panel Unit Root Tests OIS

5. Panel Unit Roots: Overview

@ Levin and Lin (1992) seminal paper that introduced many of the ideas

» need to recenter and rescale DF but ultimately normal
> results vary with heterogeneity, deterministic trends, ....

@ A quite general model for heterogeneous panels is

Ay = ¢yit—1+ai+0it+0;+ uj
PiYit—1+ Zyy; + 0 + Ui

@ Three cases of deterministic trends:
> no constant: &; = 0; §; = 0o z},y; =0
> constant, no trend: §; = 0 so z,y; = &;
» trend: both nonzero so zf-t'y,- =uw;+J;t.
o Different tests make different restrictions on this.

» initially uj; i.i.d. (and possibly normal for finite sample results)
> relax to serially correlated ( = y; ;1 endogenous)
> relax to uj; correlated over i (more complicated).
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Limit Theory
Limit Theory

@ Asymptotics may potentially be

» N fixed T — oo
» T fixed N — oo

» T —ocoand N — oo.
@ For T — co and N — oo Phillips and Moon (1999 Ecta) consider
> sequential limits: notation (T, N — 00)seq
* e.g. fix N, let T — oo, then let N — oo.
» diagonal path: notation T = T(N)
* (T,N) — o at rate T = T(N)

> joint limits: notation N, T — oo

* simultaneously without any restrictions.
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Pk e
Pedagogical Example
@ Levin and Lin (1992)

» common p, heterogeneous intercept, homoskedasticity

> Yit = O¥ie-1 + &; + Ujes uie ~ iid[0, 0]

» note: Levin, Lin, Chu (2002) consider more general models
e Demeaning takes care of a; (Frisch-Waugh Theorem)

» then $ p—1 comes from OLS of Ay;;_1 on yir — ¥;

ZI Zt ylt 1~ y,)/(T}XA{y,t 1/‘7}
NT I
¢= \/7 P T2 Y (i 1—yi)/0?}

NT@ \/*Z, iT \F"’NT defining a;7, biT, anT. bnT-

o 1. T — oo, find ajT, b,-T properties using functional CLT's

» a;T is function of Wiener process and has mean 1/6 and variance 1/45
» bjt is function of Wiener process and has mean -1/2 and variance 1/12

@ 2. N — oo and apply CLT's and LLN's to get limit distribution of
> VN(TH— gty = VW@~ Elowtl) | E[ay 7] VI (L - 7E[b1NT])

byt

NT
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5. Panel Unit Root Tests Pedagogical Example

@ Then for T — oo followed by N — oo
VN +3vVN 2 N[0,10.2]

» need N small relative to T so m/T —0
> convergence rate is T\m rather than usual v/ TN.

* Like single time series where T not v/T.
> centering is wrong: $ + 3/ T is centered on zero (&; Nickell bias).

* e.g. @: —0.2 looks like not unit root, but with T = 15,
¢+3/T=-02+3/15=0.0.

» asymptotic variance of@ equals 10.2/NT? is not the usual variance
> lesson: need to recenter and rescale ¢.

o If we use the t-statistic ty—o = @/s% (rather than ¢) we get

\/125Xt¢ o+ V1.875N d

N[O, 1].

\/645/112

> again need to recenter and rescale.
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ERGELCINBLTNNCITM S S Summary of Approaches

Summary of Approaches

@ 1. Common p - one pooled augmented DF regression

Detrend data, rescale to common variance for each 7/, and do ADF
Levin and Lin (1992) and Levin, Lin and Chu (2002)

Breiting (2000) proposes first pre-whitening data - better power
Harris-Tzavalis (1999) have variation that works for T fixed
Breiting and Das (2005) extend to weak (spatial) cross-section
dependence

vy vV vV VvV VY

@ 2. Common p - generalize the KPSS test
> Hadri (2000) LM test
@ 3. Heterogeneous p; - N separate ADF t-statistics are averaged

» detrend data, get ADF t-statistic for each, use the average of these
» Im, Pesaran and Shin (2003)
» Pesaran (2006) extends to strong (common shocks) cross-section
dependence
@ 4. Heterogeneous p; - separate tests and combine p-values

» Fisher-type tests - Choi (2001) proposes four ways to combine.

@© A. Colin Cameron Univ. of Calif. Davis 4A: Panels - Unit Root Tests November 2013 25 / 56



5. Panel Unit Root Tests

Stata Command xtunitroot

Stata Command xtunitroot

Test Options Asymptotics p under H, Panels
LLC noconstant VN/T =0 common balanced
LLC N/T —0 common balanced
LLC trend N/T —0 common balanced
HT noconstant] N — oo, T fixed common balanced
HT N — o, T fixed common balanced
HT trend N — oo, T fixed common balanced
Breitung noconstant (I, N) —geq >0 common balanced
Breitung (I',N) —geq 00 common balanced
Breitung trend (I'N) —geq 20 common balanced
IPS N — oo, T fixed panel-specific unbalanced
or N and T fixed
PS trend N — o0, T fixed panel-specific unbalanced
or N and T fixed
IPS lags () (I, N) —geq o0 panel-specific unbalanced
IPS trend lags() (I, N) —geq 0 panel-specific unbalanced
Fisher-type T — oc, N finite panel-specific unbalanced
or infinite
Hadri LM (I', N) —seq o0 (not applicable) balanced
Hadri LM trend (I',N) —seq o©  (not applicable) ~ balanced
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6. Application: Tests follow Stata Manual [XT]

@ Eviews 8 has the same tests except for Harris-Tzavalis.

o Generally default option of constant (a;) no trend (5; = 0) (for
lnxrate).

1

Y Y VYVYVY VY
SOk WM

7.

LLC: Levin-Lin-Chu (1993, 2002)

HT: Harris-Tzavalis (1999)

Breitung: Breitung (2000)

IPS: Im-Pesaran-Shin (2003)

IPS: Im-Pesaran-Shin (2003) with serially correlated errors
Fisher: Fisher-type Maddala and Wu (1999), Choi (2001)
Hadri: LM test (Hadri (2000))

Test 1 is for small N relative to T so use only G7 N =7
Test 2 is for large N so all countries N =151 (also use for test 6).
Tests 3-5, 7 use intermediate N so use OECD N = 27

All tests reject hypothesis that all unit roots. Some are stationary.
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6. Application of Panel Unit Root Tests Levin-Lin-Chu Panel Unit Root Test

Levin-Lin-Chu Panel Unit Root Test

@ Levin, Lin and Chu (2002).
@ For N — oo slower than T — c0oso N/ T — 0
> though in noconstant case v/N/ T — 0.

o ADF model
Ayie = QYie1+ 2z + ij:l 0ijAyi—j + uir
up ~ iid[0,0?]
o Test Hop : ¢; = 0 for all i (all have unit roots)

against H, : ¢, = ¢ < 0 for all i (all have common non-unit root).

@ Implementation
» detrend: form panel-by-panel (standardized) regression residuals
* &t = &/Ter where & = Ayie — L3 850yi e j — 27
* Vipo1 = Vieo1/0c where Vip 1 = yieo1 — L7 0 AYie—j — ZhTi
> base test on 6/se(d) from &; = Vi ¢—10 + error
» recenter, rescale and use ratio of short-run to long-run variance.
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6. Application of Panel Unit Root Tests Levin-Lin-Chu Panel Unit Root Test

@ Test with lag length determined by AIC rejects Hy as p < .05

» conclude that stationary
» if add option demean p = 0.0187 so again stationary

.0*0LevinOLinOChulunitOrootitest
.OxtunitrootdllcOlnrxratenifog7,0lags(aicol0)

LevinOLinOChuOunitOrootitestifor Inrxrate

Ho:0OPanelsOcontainOunitOrootsii0000000000000Numberdofipanelsio=0000006
Ha:OPanelsDaredstationaryl000000000000000000Numbertofiperiodsi=0000034

AROparameter: Common000000000000000000000000ASymptotics: N/T00>00
PanelOmeans: Included
TimeOtrend: NotOincluded

ADFOregressions: 1.0007lagsOaveraged(choseniby AIC)
LROvariance: Bartlettikernel, 10.000Tags0Oaveraged(choseniby LLC)

00000000000000000000Statistic000000pavalue

OUnadjusted0t0000000006.7538
0AdjustedOt*00000000004.0277000000000.0000
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6. Application of Panel Unit Root Tests Levin-Lin-Chu Panel Unit Root Test

@ Previous chose only one lag (p; = 1 on average) - seems too short

» setting four lags of Ay;; we do not reject Hy
» conclude that unit root present.

.0*0So0doOunitOrootitestsiwithilagilengthsisetOton4
.OxtunitrootnllcOlnrxratenifog7,0lags(4)

LevinOLinOChuOunitOrootitestifor Inrxrate

Ho:0OPanelsOcontainOunitirootsii0000000000000Numberdofipanelsin=0000006
Ha:OPanelsDareOdstationaryl000000000000000000Numbertofiperiodsi=0000034

AROparameter: Common000000000000000000000000ASymptotics: N/T00>00
PanelOmeans: Included
TimeOtrend: NotOincluded

ADFOregressions: 40lags
LROvariance: Bartlettikernel, 10.000Tags0Oaveraged(choseniby LLC)

00000000000000000000Statistic000000paOvalue

OUnadjusted0t0000000004.9507
0AdjustedOt*00000000001.1601000000000.1230
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(CRWAVSTSI TE T NN EEL T MV NI M S S Harris-Tsavalis Panel Unit Root Test

Harris-Tsavalis Panel Unit Root Test

@ Harris and Tsavalis (1999).
@ For T fixed and N — oo

Yie€ = Yit-1+Zjpy; + Ui
Ujpp N[O, 02]

» very strong assumptions - i.i.d. error | (DF not ADF)
» can relax normality (but then need to estimate kurtosis of uj;)
» and can include time dummies

o Test Hg : ¢; = 0 for all i (all have unit roots)
against H, : ¢, = ¢ < 0 for all i (all have common non-unit root).

@ p biased for finite T via 7;
» HT find the bias correction term when p =1
> eg. if Z,y; = ; then

~ d 3(17T72-20T +17
m(ﬂ—(l_%)) *N{OvW .
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(CRWAVSTSI TE T NN EEL T MV NI M S S Harris-Tsavalis Panel Unit Root Test

@ Reject Hy as p < .05. Conclude that stationary.

.0*0HarrisOoTsavalisOunitirootitest
.OxtunitrootihtOInrxrate,Jdemean

HarrisOTzavalisOunitOrootOtestiofor Tnrxrate

Ho:0OPanelsOcontainOunitlrootsti0000000000000Numberdofipanelsio=0000151
Ha:0OPanelsDarelstationaryd000000000000000000Numberiofiperiodsi=0000034

AROparameter: CommonI00000000000000000000000ASymptotics: NOO>OInfinity
Panelimeans: Includedii000000000000000000000000000000000TOF xed
TimeOtrend: NotOincludedd00000000000000000CrossOsectionalimeansiremoved

00000000000000000000Statistic000000000z000000000pOvalue

Orho0000000000000000000.8184000000013.123900000000.0000
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6. Application of Panel Unit Root Tests Breitung Panel Unit Root Test

Breitung Panel Unit Root Test

Breitung (2000) and Breitung and Das (2005)
For T — oo followed by N — oo
Have heterogeneous intercept, common trend

Yit = pYit—1 +y; + Bt + ui; ujr ~ serially correlated and not iid

@ LLC controls for heterogeneous 7; by mean differencing
> instead use the long difference y;: — y; p11
* with p lags lost due to serial correlation in uj
> then yjy = y; + Bt and y; p11 =7, S0 Yit — Yip+1 = P(t —p+1).
To control for serial correlation of order p in uj; pre-whiten data

> let A€j; be residual from OLS of Ay; on Ayjt_1,....Ayi+—p
> let €, be residual from OLS of v}, = yit — yip+1 0N AYj ¢ 1, ... Ayit—p

N T A, /32
~ v - WAYT /g’. d L
> & = EoikipGl/T 9 (o, 1) where 02 = T3 Ll p2 A%
\/21:1 Lepio A&/ 0}

@ A variation (robust) permits weak cross-sectional correlation
» though then need T >> N.
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CRVAVTSITE T N MEEUE MV NI M S S Breitung Panel Unit Root Test

@ This version has no lags (should add lags) and gets cross-section
correlation robust version

» marginally reject Hy at 5%.

.0*0Breitunglunitlirootlitest
.Oxtunitrootibreitungiinrxratenifloecd,0robust

BreitungOunitOrootitestifor Tnrxrate

Ho:0OPanelsOcontainOunitlrootsii0000000000000Numberdofipanelsii=0000027
Ha:0OPanelsOareOstationaryd000000000000000000Numbertdofiperiodsi=0000034

AROparameter: Common000000000000000000000000ASymptotics: T,NOO>0Infinity
PanelOmeans: Includedd000000000000000000000000000000000000000sequentially
TimeOtrend: NotOincludedin0000000000000000Prewhitening: NotOperformed

00000000000000000000Statistic000o0opovalue

0lambda*000000000000001.6794000000000.0465

0*0Lambdalrobustitolcrossisectionalicorrelation

@© A. Colin Cameron Univ. of Calif. Davis 4A: Panels - Unit Root Tests November 2013 34 / 56



CRWAYSTS TE T N MEELTE MV N M S S Im-Pesaran-Shin Panel Unit Root Test

Im-Pesaran-Shin Panel Unit Root Test

@ Im, Pesaran and Shin (2003) allow different ¢, for each panel
e For T fixed (need normal errors) or T — oo followed by N — oo.

@ Augmented DF model
Ay = @Yie—1+ 2y + Jf.ll 0iiAyi i+ uje
ur ~ N[0,0?] in finite T case

@ Test Hy : ¢; = 0 for all i (all have unit roots)

against H, : ¢; = ¢ < 0 for some i (some have non-unit root).
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CRWAYSTS TE T N MEELTE MV N M S S Im-Pesaran-Shin Panel Unit Root Test

@ Obtain t statistics for each panel

» these are usual augmented Dickey-Fuller t-test denote T;
> then T; under Hp : ¢; = 0 has mean E[7;] and variance V[7;] that are
given in tables

> the average of these recentered and rescaled LA N[0, 1] by CLT as
N — oo

* unbalanced panel
d
Z=VN [T - 42l El] 7y 2 Vin] S N,

* balanced panel Z = /N [% YN T - E[T]] /+/V[ti] A N[O, 1]
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CRWAYSTS TE T N MEELTE MV N M S S Im-Pesaran-Shin Panel Unit Root Test

e With serially uncorrelated errors (no lags)

> reject as p < 0 and conclude some panels are stationary

.0*0ImOPesaranisShiniunitirootitest
.OxtunitrootOipsilnrxratedifioecd, 0demean

ImOPesaranishindunitirootitestifor Inrxrate

Ho:0Al10panelsOcontainiunitirootsi0000000000Numberdofipanelsin=0000027
Ha:0SomelpanelsDaredstationaryl0000000000000Numbertofiperiodsi=0000034

AROparameter: PanelOspecificO000000000000000Asymptotics: T,NOO>0Infinity
PanelOmeans: Included0000000000000000000000000000000000000000sequentially
TimeOtrend: NotOincludedd00000000000000000CrossOsectionalimeansiremoved

ADFOregressions: NoOlagsOincluded

0000000000000000000000000000000000000000000000FixedINOexactdcriticaliovalues
00000000000000000000Statistic000000pOvaluelln0in00001%0000005%00000010%

0tObarn0i000000000000003.132700000000000000000000001.8100001.7300001.680
0totildenbarooooooooono2.5771
0zototildeObaroonooooo7.3911000000000.0000

© A. Colin Cameron Univ. of Calif. Davis 4A: Panels - Unit Root Tests November 2013 37 / 56



CRWAYSTS TE T N MEELTE MV N M S S Im-Pesaran-Shin Panel Unit Root Test

e With serially correlated errors (AIC has average 1.5 lags)

» reject as p < 0 and conclude some panels are stationary

.0*0ImOPesaraniShinOunitirootitestiwithiseriallydcorrelatedierrors
.OxtunitrootOipsOlnrxratenifioecd,0lags(aici8)ldemean

ImOPesaranOShinOunitirootitestifor Inrxrate

Ho:OAl10panelsOcontaindunitirootsi0000000000Numbertofipanelsio=0000027
Ha:0OSomeOpanelsOaredstationaryl0000000000000Numberiofiperiodsi=0000034

AROparameter: PanelOspecificO000000000000000ASymptotics: T,NOO>0Infinity
Panelimeans: Includedi000000000000000000000000000000000000000sequentially
TimeOtrend: NotOincludedd00000000000000000CrossOsectionalimeansiremoved

ADFlregressions: 1.4801ags0averagel(choseniby AIC)

00000000000000000000Statistico0oooopovalue

OwOt0baroooooooooooooo7.3075000000000.0000
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Fidicr e e it [N Ve
Fisher-Type Panel Unit Root Test

Maddala and Wu (1999) and Choi (2001).
@ For T — oo and N fixed
» Model is completely heterogeneous
@ Do separate time series unit root tests in each panel

» Stata fisher does Dickey-Fuller and Phillips-Perron

Then need to combine the N tests.

This is like meta-analysis

» combine the p values using methods of Fisher
»eg P=-2 ngzl Inp; ~ x2(2N) (reject Hy if large)
» there are other ways of combining - see the output.
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6. Application of Panel Unit Root Tests Fisher-Type Panel Unit Root Test

@ Here do Dickey-Fuller with two lags in each panel

» all four ways have p < .05 so conclude at least one panel is stationary.

.0*0FisherdunitOrootitest
.Oxtunitrootifisheridinrxrate,0dfullerodriftiolags(2)0demean

FisherOtypeOunitiOrootOtestifor Tnrxrate
BasedOonJaugmenteddDickeyOFullerotests

Ho:0Al10panelsOcontainiunitirootsi0i000000000Numberdofipanelsnio=0000151
Ha:OAtOleastOoneOpaneldisdstationaryl0000000Numbertdofiperiodsi=0000034

ARIparameter:0PanelOspecificO000000000000000ASymptotics: TOO>OInfinity
PanelOmeans:00Included

TimeOtrend: 000ONotOincludedi00000000000000000CrossOsectionalimeansiremoved
DriftOterm:000Includedi000000000000000000000ADFOregressions: 207lags

0000000000000000000000000000000000Statisticoioiotpivalue

OInverseldchidsquared(302)00PI000000975.913000000000.0000
0InverseOnormal0i0000000000Z20000000019.618300000000.0000
OInversenlogitot(759)000000L*000000020.976800000000.0000
OModifieddinv.0chidsquarediPmi00000027.421100000000.0000

OPOstatisticOrequiresinumbertofipanelsitolbelfinite.
Dotherdstatisticsbaredsuitablenforofinitedoriinfinitelnumberiofipanels.
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6. Application of Panel Unit Root Tests Hadri LM Panel Unit Root Test

Hadri LM Panel Unit Root Test

Hadri (2000) generalizes the KPSS test.
T — oo and then N — oo
Suppose

Yie = rii+B;t+¢i, EitNN[O,O'g]
fie = rit—1+ Ug, uir ~ N[0, 02].

In general y; will be I(1) due to the random walk rj;.
o But if (Tf, =0 then ujy =0, ri = rj;—1 = constant

> so yi = &+ B;t +¢€j is trend stationary.
@ Sotest Hy: 02 /02 = 0 against H,:02/02 =0

> Note that now Hp is no unit root against Hq unit root

» simulations show this tends to over-reject.

. d . .

@ The test is an LM test that — N[0, 1] after recentering and rescaling
» OLS regress yj; = dft’y + ug, Uiy = Yir — d;-tﬁ, Sip = 2221 02
s IM=Y) (Zt 15, (T2flo)>: fio = Viong—run|Uit].
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ALV TE T NN EELTE MU N M ES S Hadri LM Panel Unit Root Test

@ Reject Hy as p < .05 here means some panels contain unit roots.

.0*0Hadridunitirootitest
.Oxtunitrootihadridlnrxratenifioecd, 0kernel(bartlettd5)Idemean

Hadriowmotestofor Inrxrate

Ho:0Al10panelsbaredstationaryd00000000000000Numbertdofipanelsio=0000027
Ha:0SomelpanelsOcontainiunitirootsi000000000Numberiofiperiodsi=0000034

TimeOtrend: NotOincludedO0O000000000ASymptotics: T,ONOO>0Infinity
Heteroskedasticity: Robust000000000000000000000000000000000000sequentially
LROvariance: BartlettOkernel, 50TagsOCrossisectionallmeansdremoved

00000000000000000000Statisticiooooopovalue

0z000000000000000000009.6473000000000.0000
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7. Cross-section Dependence

7. Cross-section Dependence

@ Levin, Lin and Chu (2003, p.13) state that cross-sectional dependence
can be partially controlled for on their tests by first subtracting the
“cross-sectional average” y; = % Z,N:1 Vit

» equivalent to including a full set of time dummies in the original model
for yjt

» this is a single common shock that has an identical effect on all
individuals in the panel.

» Stata gives this as an option for all its unit tests, citing LLC

» but LLC only say that this is okay for their test.

@ Breiting and Pesaran (2008) call tests that allow for cross-section
correlation of errors “second generation tests”.

> ignoring cross-section dependence leads to size bias
» especially if the panel units are cross-cointegrated e.g. PPP
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Weak and Strong Cross-section Dependence
Weak and Strong Cross-Section Dependence

@ Weak dependence

» eigenvalues of covariance matrix of y;; are bounded as N — oo

» essentially this means that correlations across individuals need to
dampen as they get “further” apart

» this is the case for spatial dependence

@ Strong dependence

» at least one eigenvalue of covariance matrix of yj; diverges as N — oo
> this is the case for common factors Fd;.

@© A. Colin Cameron Univ. of Calif. Davis 4A: Panels - Unit Root Tests November 2013 44 / 56



7. Cross-section Dependence Unit Root Tests

Unit Root Tests

@ Breitung and Pesaran (2008) section 9.4 have summary
» see this for references
@ Moon and Perron (2004) and Pesaran (2007)

> model yjy = (1 —p;)pt; + 0;Yit—1 + Uie, U = ¥ift + €3t
> test of 7r; = 1 is joint test that (1) all time series I(1); and (2) they are
not cointegrated.

e Bai and Ng (2004) propose Panel Analysis of Nonstationarity in
Idiosyncratic and Common components (PANIC)

» analyzes common factors and idiosyncratic components separately

» nonstationarity can be pervasive, variable-specific or both

» can determine the number of independent stochastic trends driving the
common factors.
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7. Cross-section Dependence Pesaran’s Test

Pesaran (2007)

o Cross-sectionally augmented Dickey Fuller (CADF) test.
@ One-factor model ujy = 7y;f; + €jr for the cross-panel correlation.
@ Begin with no serial correlation
Yit = (1 — P;)V,- +0,Yie-1+ Uie;  ujip = y;f + €t
= Ay =0+ Pyie—1+vift e ai = p;(1—p;); ¢, = (0; — 1)
> & iid [0,02], f; iid [0,0% = 1], ¢, f; and 7y; independent for all i
@ Test Hp : ¢; = 0 for all j against H, : ¢, < 0 for some i.
@ Pesaran (2006) shows f; can be proxied by cross-section mean
Ve = %Z,N:ly;t and lags if N — oo
» So OLS estimate
Ayjr = aj + biyit—1 + Ciyr—1 + diAy + eir

» If T is fixed replace y;; with y;: — yo; o = ﬁ Zil\il Yio-
o CADF; Test for panel i: t; = B;/se[/B;].
o CADF Joint panel test: % vazl t; where truncate as in his equation
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7. Cross-section Dependence Pesaran’s Test

Pesaran (2007) with serially correlated error (AR(p)).
OLS estimate (his equation (54))

Ayje = aj + biyi,t—1 + Ci¥e—1 + Lf_o dijAVe—j + L7 0iiAVie—j + eie

CADF; Test for panel i: t; = B,-/se[B,-]
» has critical values in Tables 1.
o CADF Joint panel test: - YN, t, where truncate as in his equation
(34)
> has critical values in Tables 2
» or can combine CADF; test p-values e.g. —2 ZlNzl In(p;) ~ x2(2N).
@ The critical values are obtained by simulation (no N[0, 1] tests here)

» asymptotic theory generally the same under sequential or joint limits
» N =10, 20, 30, 40, 50, 100 and T = 10, 20, 30, 40, 50, 100
» generally works well even for small N and T.

@ The paper also has good summary of other methods in the
introduction and implements some of these in simulation and
application.
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e (e et
Application: Pesaran (2007)

use pennxrate.dta, clear

rename Inrxrate yy

keep if oecd==

bysort year: egen ytbar = mean(yy)

sort id year

statsby phi=_b[l.yy] se=_se[l.yy], by(id) clear: regress d.yy l.yy l.ytbar L(0/2)d.ytbar
L(1/2)d.yy

generate t = phi/se

* t is CADF.i test: Critical values are in Table 1 (individual panel)
format phi t %9.3f

list phi t, clean

* Panel ACDF test: Critical values are in Table 2 (average of panels)
mean t

* Fisher test combines the individual test p values

generate Inp = In(p)

quietly summarize Inp

" Fisher test = " -2*r(sum -value = " chi2tail(r(N),-2*r(sum))
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e (e et
Application (continued)

@ Individual CADF.i t-tests

» critical value —3.34 for N =30 and T = 30 from Table 1(b)
» here most negative t's are -4.18, -4.09, -3.-04
» so 2 of 27 are rejected - borderline reject Hp

@ Overall CADF test

» critical value —2.15 for N = 30 and T = 30 from Table 2(b)
> here mean t = -1.78
» do not reject Hp : all ¢; = 0 against H; : some ¢; # 0.

o Fisher test combining individual CADF_i t-tests

» Fisher test = 8.6578493 with p-value = .00325655
> reject Hp : all ¢; = 0 against Hj : some ¢; # 0.
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8. Random Walk is Asymptotically a Wiener Processes

o Let yy = yr—1+ ur = Y -, us where ug ~ iid N[0, 1]
» then yy ~ NJO, t]
@ Change theindex from 0 <t < Tto0<r<1

t = [rT] where [rT] is the integer part of rT

> ¥t = yrr) ~ N[0, t]

FENem ~ NO T/ T = ey ~ N[O, 7]
Tl?y[,ﬂ - %y[,q—] ~ N[0, r —r']; r' < r similarly

v

>

| 3

@ But this is just a discrete time version of a continuous time Wiener
process (Brownian motion) W(r), defined as

» W(r)=0
» W(r) is continuous in r almost surely, 0 < r <1
» W(r)— W(r') ~ N[0, r—r] independently forany0<r <r<1

o Key Result: \/—l?y[,ﬂ Z W(r) or fyt W( )
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DF Test involves Sums of Functions of Random Walks
@ Dickey-Fuller test from regress Ay; on y;_1 yields
s ¢=p-1=L 1y 1(bye)/ Ll v2 s
@ For nonrandom function f(r) defined on [0, 1]
> Jo f(dr=lim YLy f($)x = lim 321 f(4)
> this extends to random functions such as W/(r)

. . a
@ So for sums of y; and its products, given \/%yt = W($)

ﬁZLl ve=4+vl, 71?)& 2iviw %) L fol (r)dr
g %Zz—:l)’tz = %th—:l(#)’t) =3+yiaw f W (r)2dr
> FLl1ve-1bye <, 1[W(1)? — 1] after some algebra
@ So Dickey-Fuller z-test statistic

~ Lyl yvia(by) d i[W()?2-1 .
> T = T Lemyyea(Aye) d, (W) 1] (no nuisance parameters)
r

T2 LY Jo W(r)2d
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8. Appendix: Random Walks and Wiener Processes

Generalizations

@ u; in y; = yy—1 + Uy can be nonnormal, serially correlated,
heterogeneously distributed if T — oo

» we need \/»y[,T] \/725 1 Us 9w x N[O, r] for some w

» this can be established using a (functional) central limit theorem
> w is the long-run variance of y[,|

@ We often include an intercept and possibly trend in the DF test

> Ay =a+0t+ Py 1+ ur

» then need results for Z;r:l Ayt, Z;r:l tAyt, Z;r:l Vi1, Z;r:l e 1, .o
see Hamilton (1996, p.506)

» or can use results for demeaned processes (Frisch-Waugh) ... see
Hayashi (2000, p.570)
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8. Appendix: Random Walks and Wiener Processes

o Consider Ay; = a + ¢pyr—1 + ur

» use demeaned random walk yt =yt —y; where y = % 2;’;1 Ve
» continuous tlme analog is detrended standard Wiener

W(r) ~Jow
> sztzl(yt —>f0 WV (r) 2dr
d
> F Ly A S 3 IWE(L)? = W (0)? — 1]

° Con5|der Ay =a+0+ qbyt 1+ U detrended random walk

W=y —a— 5t where @ and ¢ are from OLS of ¥+ on intercept and
linear time trend

» then different functions of Wiener processes.
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9. Summary

@ Stata unit root test

Single Time Series dfgls, dfuller
Panel: cross-country correlation xtunitroot
Panel: cross-country correlation —

@ For panel unit root tests with cross-country correlation can easily
code up Pesaran (2007) CADF test and refer to tables in his paper.
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