
Supplemental Material for:  
Ultrafast Photo-Induced Phonon Hardening Due to 

Pauli Blocking in MAPbI3 Single-Crystal and 
Polycrystalline Perovskites 

 
Chelsea Q. Xia1, Samuel Poncé2,3, Jiali Peng4, Aleksander M. Ulatowski1, 

Jay B. Patel1, Adam D. Wright1, Rebecca L. Milot5, Hans Kraus6, Qianqian 

Lin4, Laura M. Herz1,7, Feliciano Giustino2,8,9 and Michael B. Johnston1,* 

 
1Department of Physics, University of Oxford, Clarendon Laboratory, Parks Road, 
Oxford OX1 3PU, U.K. 
2Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, U.K. 
3Theory and Simulation of Materials (THEOS), École Polytechnique Fédérale de 
Lausanne, CH-1015 Lausanne, Switzerland 
4Key Lab of Artificial Micro- and Nano-Structures of Ministry of Education of China, 
School of Physics and Technology, Wuhan University, Wuhan 430072, P. R. China 
5Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 
7AL, U.K. 
6Department of Physics, University of Oxford, Denys Wilkinson Building, Keble 
Road, Oxford OX1 3RH, U.K. 
7TUM Institute for Advanced Study, 85748 Garching bei München, Germany 
8Oden Institute for Computational Engineering and Sciences, The University of 
Texas at Austin, Austin, Texas 78712, USA 
9Department of Physics, The University of Texas at Austin, Austin, Texas 78712, 
USA 
* E-mail: michael.johnston@physics.ox.ac.uk 



*QMi2Mib

R h2`�?2`ix bT2+i`Qb+QTv k

k .2`Bp�iBQM Q7 �#bQ`TiBQM �M/ T?QiQ+QM/m+iBpBiv 9

kXR �M�HvbBb Q7 h>x `2~2+iBQM K2�bm`2K2Mib X X X X X X X X X X X X X X X X X X X X 9

kXk S?QiQ+QM/m+iBpBiv +Q``2+iBQM Q7 J�S#A3 i?BM }HKb X X X X X X X X X X X X X X 3

j h2KT2`�im`2 /2T2M/2M+2 Q7 T?QMQM HB72iBK2b RR

9 h2KT2`�im`2 /2T2M/2M+2 Q7 #�M/;�T Rk

8 S?QiQ@BM/m+2/ #Hm2b?B7i Q7 T?QMQM KQ/2b Rj

e 6B`bi@T`BM+BTH2b +�H+mH�iBQMb Q7 +m#B+ *bS#A3 R8

R



R h2`�?2`ix bT2+i`Qb+QTv

amTTH2K2Mi�`v 6B;m`2 R /2KQMbi`�i2b i?2 2tT2`BK2Mi�H b2imT Q7 i?2 h>x iBK2@/QK�BM bT2+@

i`Qb+QTv Uh>x@h.aV �M/ QTiB+�H@TmKT@h>x@T`Q#2 bT2+i`Qb+QTv UPShSaV BM i`�MbKBbbBQM

�M/ `2~2+iBQM ;2QK2i`B2bX �M �KTHB}2/ H�b2` rBi? +2Mi`�H r�p2H2M;i? Q7 3yy MK- 8 F>x `2T@

2iBiBQM `�i2- j8 7b TmHb2 rB/i? �M/ 9 q �p2`�;2 TQr2` Bb bTHBi BMiQ i?`22 �`Kb, ;�i2 #2�K-

h>x #2�K �M/ TmKT #2�KX h?2 h>x #2�K Bb ;2M2`�i2/ #v � bTBMi`QMB+ 2KBii2` /m2 iQ

BMp2`b2 bTBM >�HH 2z2+iXR h?2 TmKT #2�K Bb mT@+QMp2`i2/ iQ 9yy MK #v � �@#�`BmK@#Q`�i2

U""PV +`vbi�H �M/ � b?Q`i@T�bb }Hi2` Bb mb2/ iQ }Hi2` Qmi i?2 `2bB/m�H 3yy MK HB;?iX h?2 `2@

bmHi�Mi h>x bB;M�H Bb /2i2+i2/ #v 2H2+i`Q@QTiB+ b�KTHBM; mbBM; � b2i Q7 � URRyV wMh2 +`vbi�H- �

[m�`i2`@r�p2 TH�i2- � qQHH�biQM T`BbK �M/ � T�B` Q7 #�H�M+2/ T?QiQ/BQ/2bX � bBHB+QM #2�K@

bTHBii2` Bb mb2/ iQ /B`2+i i?2 `2~2+i2/ h>x bB;M�H 7`QK i?2 b�KTH2 iQ �MQi?2` /2i2+iBQM �`KX

h?2 i2KT2`�im`2 Q7 i?2 b�KTH2 Bb +?�M;2/ #v � +QH/@}M;2` +`vQbi�i UPt7Q`/ AMbi`mK2Mib-

JB+`Qbi�i>2VX h?2 T?QiQHmKBM2b+2M+2 USGV bT2+i`mK Q7 i?2 b�KTH2 ;2M2`�i2/ #v i?2 TmKT

#2�K Bb +QHH2+i2/ #v � }#`2@+QmTH2/ bT2+i`QK2i2` U>Q`B#� a+B2MiB+- B>_jkyVX

k



Chopper

Off-axis
parabolic
mirrors Si Beamsplitter

ZnTe (110)

THz emitter
Concave lens

Pump
delay stage

THz
delay stage

Amplified laser

BBO
Short-pass

Gate
(transmission)

THz in reflection
THz in transmission

Gate beam
Pump beam

Convex lens

Gate
(reflection)

λ/4 
waveplate

Wollaston
prism

Photodiodes
detector

Beamsplitter

ZnTe (110)

Sample
PL spectrometer

amTTH2K2Mi�`v 6B;m`2 R, a+?2K�iB+ Q7 h>x@h.a �M/ PShSa b2imT BM i`�MbKBbbBQM �M/
`2~2+iBQM ;2QK2i`B2bX

j



k .2`Bp�iBQM Q7 �#bQ`TiBQM �M/ T?QiQ+QM/m+iBpBiv

kXR �M�HvbBb Q7 h>x `2~2+iBQM K2�bm`2K2Mib

aBM+2 i?2 J�S#A3 bBM;H2 +`vbi�H Bb bQ i?B+F i?�i i?2 h>x bB;M�H +�M QMHv #2 K2�bm`2/ BM

`2~2+iBQM- Bib T?QMQM KQ/2b ?�p2 iQ #2 �M�Hvb2/ BM i2`Kb Q7 i?2 �#bQ`TiBQM bT2+i`mK r?B+?

Bb Q#i�BM2/ #v 2ti`�+iBM; i?2 /B2H2+i`B+ 7mM+iBQM " 7`QK Bib `2~2+iBpBiv r,

r(!) =

�����
1�

p
"(!)

1 +
p
"(!)

�����

2

. UaRV

h?2 E`�K2`b@E`QMB; UEEV i`�Mb7Q`K�iBQM Bb �TTHB2/ �++Q`/BM; iQ i?2 /vM�KB+�H +QmTHBM;

#2ir22M i?2 `2�H T�`i "1(!) �M/ i?2 BK�;BM�`v T�`i "2(!) Q7 i?2 /B2H2+i`B+ 7mM+iBQMX 1tTHB+BiHv-

i?Bb MQM@BM/2T2M/2Mi `2H�iBQMb?BT Bb ;Qp2`M2/ #v i?2 7QHHQrBM; 2[m�iBQMb,k-j

"1(!) =
2

⇡
P
Z 1

0

x"2(x)

x2 � !2
dx+ 1, UakV

"2(!) = �2!

⇡
P
Z 1

0

"1(x)

x2 � !2
dx+

4⇡�DC

!
, UajV

r?2`2 �DC Bb i?2 .* +QM/m+iBpBiv �M/ P Bb i?2 T`BM+BT�H p�Hm2 BMi2;`�HX *QK#BMBM; 1[m�@

iBQMb UaRVĜUajV- r2 +�M 2ti`�+i i?2 +QKTH2t /B2H2+i`B+ 7mM+iBQM 7`QK i?2 2tT2`BK2Mi�HHv

K2�bm`2/ `2~2+iBpBiv bT2+i`mKX

>2`2- r2 miBHBb2 i?2 K2i?Q/ Q7 p�`B�iBQM�H /B2H2+i`B+ 7mM+iBQMb Uo.6V r?B+? Bb � +QK#BM�@

iBQM Q7 irQ �TT`Q�+?2bX9 PM QM2 ?�M/- r2 mb2 i?2 i2+?MB[m2 Q7 H2�bi b[m�`2b }iiBM; iQ }i i?2

`2~2+iBpBiv bT2+i`mK- r(!)- rBi? �b K�Mv GQ`2MixB�M Qb+BHH�iQ`b �b i?2 MmK#2` Q7 /�i� TQBMib

r?B+? 2bb2MiB�HHv +QKTQb2 i?2 BK�;BM�`v T�`i Q7 i?2 /B2H2+i`B+ 7mM+iBQMX PM i?2 Qi?2` ?�M/-

r2 mb2 i?2 EE i`�Mb7Q`K�iBQM iQ `2biQ`2 i?2 +Q``2bTQM/BM; `2�H T�`i Q7 i?2 /B2H2+i`B+ 7mM+@

iBQMX *QMb2[m2MiHv- i?2 7mHH bT2+i`�H BM7Q`K�iBQM Q7 i?2 K�i2`B�H +�M #2 Q#i�BM2/ 7`QK i?Bb

EE@+QMbi`�BM2/ p�`B�iBQM�H }iiBM; K2i?Q/X h?Bb K2i?Q/ ?�b i?2 �#BHBiv iQ }i �Mv `2~2+iBpBiv

9



bT2+i`mK �b HQM; �b 2MQm;? GQ`2MixB�M Qb+BHH�iQ`b �`2 BM+Hm/2/- i?�MFb iQ i?2 +QKTH2i2M2bb

Q7 .`m/2@GQ`2Mix 7mM+iBQMbX AM �MQi?2` rQ`/- �Mv T?vbB+�H /B2H2+i`B+ 7mM+iBQM +�M #2 �TT`Qt@

BK�i2/ #v � bmK Q7 GQ`2MixB�M Qb+BHH�iQ`bX h?2 o.6 K2i?Q/ Bb � MmK2`B+�H K2i?Q/ r?B+?

2ti`�+ib i?2 /B2H2+i`B+ 7mM+iBQM 7`QK i?2 `2~2+iBpBiv bT2+i`mK MmK2`B+�HHv rBi? MQ �M�HviB+�H

2tT`2bbBQMX h?2`27Q`2- i?2`2 +�M #2 BM/2}MBi2Hv K�Mv ~2tB#H2 T�`�K2i2`b- /2T2M/BM; QM i?2

MmK#2` Q7 GQ`2MixB�M Qb+BHH�iQ`b i?�i �`2 mb2/ iQ }i i?2 `2~2+iBpBiv bT2+i`mKX >Qr2p2`-

i?Bb ?m;2 ~2tB#BHBiv Q7 i?2 }iiBM; T�`�K2i2`b K�v +�mb2 bQK2 mM+QMi`QHH�#H2 /Bp2`;2M+2 BM

i?2 }iiBM; T`Q+2bbX hQ �pQB/ i?Bb T`Q#H2K- r2 }t bQK2 Q7 i?2 T�`�K2i2`b BM � +2`i�BM r�vX

aT2+B}+�HHv- i?2 7`2[m2M+v Q7 2�+? GQ`2MixB�M Qb+BHH�iQ` Bb 2[m�HHv bT�+2/ Qp2` i?2 2MiB`2 7`2@

[m2M+v `�M;2 Q7 i?2 `2~2+iBpBiv K2�bm`2K2Mi �M/ i?2 b+�ii2`BM; `�i2 UHBM2 rB/i?V Q7 2�+?

Qb+BHH�iQ` Bb �HbQ }t2/X AM Qm` bim/v Q7 J�S#A3 T2`QpbFBi2- r2 b2i !1 = !min- !N = !max �M/

!i+1�!i�1 = �iX9 6m`i?2`KQ`2- i?2 o.6 K2i?Q/ Bb �TTHB+�#H2 BM � rB/2 7`2[m2M+v `�M;2 MQi

QMHv HBKBi2/ BM h>x `�M;2X 6Q` BMbi�M+2- r2 +�M �TTHv i?2 b�K2 �M�HvbBb iQ i?2 `2~2+iBpBiv

bT2+i`mK Q#i�BM2/ 7`QK 6Qm`B2`@i`�Mb7Q`K BM7`�`2/ bT2+i`Qb+QTv U6hA_V r?B+? +Qp2`b i?2

QTiB+�H `�M;2X q2 mb2 � T`Q;`�K +�HH2/ _276Ah r?B+? Bb #�b2/ QM o.6 iQ }i i?2 `2~2+iBpBiv

bT2+i`mK Q7 i?2 J�S#A3 bBM;H2 +`vbi�HX8

EMQrBM; i?2 +QKTH2t /B2H2+i`B+ 7mM+iBQM- r2 +�M �HbQ Q#i�BM Qi?2` QTiB+�H T`QT2`iB2b Q7

i?2 K�i2`B�H- bm+? �b i?2 +QKTH2t `27`�+iBp2 BM/2t ñ(!),
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lbBM; i?Bb 2[m�iBQM- i?2 T?QMQM KQ/mH�iBQM Q7 i?2 .`m/2 `2bTQMb2 Q#b2`p2/ BM i?2 T?Q@

iQ+QM/m+iBpBiv Q7 J�S#A3 i?BM }HK K2�bm`2/ �i `QQK i2KT2�`im`2 K�v #2 `2KQp2/X �b

/2KQMbi`�i2/ BM amTTH2K2Mi�`v 6B;m`2 k�- i?2 T?QiQ+QM/m+iBpBiv +�H+mH�i2/ mbBM; 1[m�@

iBQM UaR9V r?2`2 i?2 2z2+i Q7 /�`F +QM/m+iBpBiv Bb MQi +Q``2+i2/ U#Hm2 /QibV- b?Qrb irQ

T?QMQM KQ/mH�iBQM T2�Fb �i R �M/ k h>xX AM +QMi`�bi- r?2M i?2 /�`F +QM/m+iBpBiv +Q`@

`2+iBQM Bb �TTHB2/ pB� 1[m�iBQM UaR8V r?B+? Bb `2T`2b2Mi2/ #v i?2 `2/ i`B�M;H2b- i?2 T?QiQ@

+QM/m+iBpBiv b?Qrb � Tm`2 .`m/2 `2bTQMb2X h?Bb bm;;2bib i?�i 2H2+i`QMĜT?QMQM +QmTHBM; Bb

M2;HB;B#H2 BM i?2 J�S#A3 i?BM }HK �i `QQK i2KT2`�im`2- �b QTTQb2/ iQ T`2pBQmbHv `2TQ`i2/

bi`QM; +QmTHBM; 2z2+iXRj >Qr2p2`- BM i?2 +�b2 Q7 HQr i2KT2`�im`2 UamTTH2K2Mi�`v 6B;m`2 k#V
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r?2`2 i?2 T?QiQ+QM/m+iBpBiv Q7 i?2 i?BM }HK r�b K2�bm`2/ �i 8 E- 2p2M �7i2` i?2 +Q``2+iBQM-

i?2 T?QMQM KQ/mH�iBQMb biBHH T2`bBbi BM i?2 .`m/2 `2bTQMb2- �Hi?Qm;? i?2 bi`2M;i? Q7 i?2

+Q``2+i2/ KQ/mH�iBQM U`2/ i`B�M;H2bV Bb bHB;?iHv r2�F2` i?�M #27Q`2 r?2M MQ +Q``2+iBQM Bb

�TTHB2/ U#Hm2 /QibVX h?2`27Q`2- r2 +QM+Hm/2 i?�i i?2 2H2+i`QMĜT?QMQM +QmTHBM; 2z2+i Bb biBHH

2tBbi2Mi BM J�S#A3 T2`QpbFBi2- �Hi?Qm;? �i `QQK i2KT2`�im`2 Bi KB;?i MQi #2 �b MQiB+2�#H2

�b i?�i �i HQr i2KT2`�im`2bX h?Bb �M�HvbBb bm;;2bib i?�i r?2M �M�HvbBM; i?2 T?QiQ+QM/m+@

iBpBiv bT2+i`mK Q7 J�S#A3- Bi Bb +`BiB+�H iQ i�F2 BMiQ �++QmMi i?2 2z2+i Q7 T?QMQM KQ/2b �M/

7�BHm`2 iQ b2T�`�i2 i?2 T?QMQM KQ/mH�iBQM 7`QK i?2 T?QiQ+QM/m+iBpBiv bT2+i`mK K�v H2�/

iQ KBbBMi2`T`2i�iBQM Q7 2H2+i`QM@T?QMQM +QmTHBM;X
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amTTH2K2Mi�`v 6B;m`2 k, S?QiQ+QM/m+iBpBiv Q7 J�S#A3 i?BM }HK K2�bm`2/ �i 8 Tb �7i2`
T?QiQ2t+Bi�iBQM �i U�V kN8 E �M/ U#V 8 EX h?2 #Hm2 /Qib �M/ i?2 `2/ i`B�;MH2b `2T`2b2Mi i?2
T?QiQ+QM/m+iBpBiv +�H+mH�i2/ mbBM; 1[m�iBQM UjV �M/ 1[m�iBQM U9V `2bT2+iBp2Hv ;Bp2M BM i?2
K�BM i2tiX

hQ +QM}`K i?2 +QMbBbi2M+v #2ir22M i?2 i`�MbKBbbBQM �M/ `2~2+iBQM K2�bm`2K2Mib- amT@

TH2K2Mi�`v 6B;m`2 j b?Qrb i?2 T?QiQ+QM/m+iBpBiv bT2+i`� Q7 J�S#A3 i?BM }HK K2�bm`2/ BM

i`�MbKBbbBQM �M/ `2~2+iBQMX qBi?Qmi i?2 bT2+i`� +Q``2+iBQM ;Bp2M #v 1[m�iBQM UaR8V- #Qi?

bT2+i`� b?Qr T?QMQM@KQ/mH�iBQM T2�Fb �i R h>x �M/ k h>xX q?BH2 i?2 i`�MbKBii2/ T?QiQ@

+QM/m+iBpBiv bT2+i`� +�M #2 +Q``2+i2/ #v 1[m�iBQM UaR8V �b /2KQMbi`�i2/ BM amTTH2K2Mi�`v

N



6B;m`2 k- i?2 +Q``2+iBQM Q7 i?2 `2~2+iBQM bT2+i`� Bb +QKTHB+�i2/ �M/ `2[mB`2b KQ`2 /2i�BH2/

�M�HvbBbX L2p2`i?2H2bb- #v +QKT�`BM; i?2 `�r T?QiQ+QM/m+iBpBiv /�i�- ��T/T �M/ ��R/R-

Bi Bb +H2�` i?�i i?2 `2bmHib Q#i�BM2/ #v i?2 i`�MbKBbbBQM �M/ `2~2+iBQM K2�bm`2K2Mib �`2 +QM@

bBbi2MiX h?2`27Q`2- Bi Bb `2HB�#H2 iQ K2�bm`2 i?2 T?QiQ+QM/m+iBpBiv bT2+i`� Q7 J�S#A3 bBM;H2

+`vbi�H BM `2~2+iBQM QMHv- 2p2M i?Qm;? i?2 i`�MbKBbbBQM K2�bm`2K2Mi Bb MQi �+?B2p�#H2X
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amTTH2K2Mi�`v 6B;m`2 j, S?QiQ+QM/m+iBpBiv Q7 J�S#A3 i?BM }HKb K2�bm`2/ BM U�V i`�Mb@
KBbbBQM �M/ U#V `2~2+iBQM �i 8 Tb �7i2` T?QiQ2t+Bi�iBQM �i kN8 EX h?2 #Hm2 +B`+H2b �M/ `2/
+B`+H2b `2T`2b2Mi i?2 `2�H �M/ BK�;BM�`v T�`ib Q7 i?2 T?QiQ+QM/m+iBpBiv `2bT2+iBp2HvX

�T�`i 7`QK T?QiQ+QM/m+iBpBiv K2�bm`2K2Mi- PShSa +�M �HbQ #2 mb2/ 7Q` K2�bm`BM;

i`�MbB2Mi h>x �#bQ`TiBQM bT2+i`� �b � 7mM+iBQM Q7 T?QiQ2t+Bi�iBQM ~m2M+2- 7`QK r?B+? i?2

+?�`;2@+�``B2` KQ#BHBiv +�M #2 2ti`�+i2/X h?2 ~m2M+2@/2T2M/2Mi i`�MbB2Mi h>x �#bQ`TiBQM

bT2+i`� Q7 J�S#A3 i?BM }HK �M/ bBM;H2 +`vbi�H r2`2 Tm#HBb?2/ BM _27X R9- r?2`2 i?2 bBM;H2

+`vbi�H r�b 7QmM/ iQ ?�p2 � ?B;?2` KQ#BHBiv i?�M i?2 i?BM }HKX

Ry



j h2KT2`�im`2 /2T2M/2M+2 Q7 T?QMQM HB72iBK2b

AM � +QKTH2i2Hv ?�`KQMB+ +`vbi�H i?2 T?QMQM HB72iBK2b �`2 BM}MBi2 �M/ i?2 T?QMQMb ?�p2 �

7`2[m2M+v BM/2T2M/2M+2 Q7 i2KT2`�im`2XR8 h?mb QM2 K2�bm`2 Q7 �M?�KQMB+Biv Bb i?2 T?QMQM

HB72iBK2X amTTH2K2Mi�`v 6B;m`2 9 b?Qrb i?2 T?QMQM HB72iBK2 p2`bmb i2KT2`�im`2 7Q` bBM;H2@

+`vbi�H J�S#A3 U#Hm2V +QKT�`2/ rBi? TQHv+`vbi�HHBM2 i?BM@}HK J�S#A3 7Q` KQ/2 j �b

HBbi2/ BM h�#H2 R Q7 i?2 K�BM i2tiX Ai +�M #2 b22M i?2 i?2 T?QMQM HB72iBK2 Bb +QMbB/2`�#Hv

HQM;2` 7Q` i?2 bBM;H2 +`vbi�HX 6Q` +QKT�`BbQM i?2 QTiB+�H T?QMQM HB72iBK2 7Q` :��b Bb jX8 Tb

�i jyy E �M/ dTb �i dd EXRe-Rd
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Single crystal
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amTTH2K2Mi�`v 6B;m`2 9, S?QMQM HB72iBK2 �b � 7mM+iBQM Q7 H�iiBp2 i2KT2`�im`2 7Q` � J�S#A3
bBM;H2 +`vbi�H U#Hm2V �M/ � i?BM }HK U`2/VX S?QMQM HB72iBK2b r2`2 2ti`�+i2/ 7`QK i?2 2tT2`B@
K2Mi�H /�i� 7Q` KQ/2 j b?QrM BM 6B;m`2 R Q7 i?2 K�BM i2tiX h?2 b?�/2/ `2;BQM b?Qrb i?2
K�tBKmK HB72iBK2 K2�bm`2�#H2 rBi? i?2 2tT2`BK2Mi QrBM; iQ Bib HBKBi2/ bT2+i`� `2bQHmiBQMX

RR



9 h2KT2`�im`2 /2T2M/2M+2 Q7 #�M/;�T

�b K2MiBQM2/ BM i?2 K�BM i2ti- i?2 #�M/;�T Q7 i?2 J�S#A3 i?BM }HK �M/ bBM;H2 +`vbi�H

QT2Mb rBi? BM+`2�bBM; i2KT2`�im`2- r?Qb2 `�i2 Bb /Bz2`2Mi #2ir22M i?2 Q`i?Q`?QK#B+ �M/

i?2 i2i`�;QM�H T?�b2bX hQ /2KQMbi`�i2 i?Bb KQ`2 +H2�`Hv- amTTH2K2Mi�`v 6B;m`2 9 b?Qrb i?2

SG T2�F 2M2`;v Q7 i?2 J�S#A3 bBM;H2 +`vbi�H �M/ i?BM }HK- r?B+? Bb � `Qm;? 2biBK�i2 Q7 i?2B`

#�M/;�T 2M2`;v- �b � 7mM+iBQM Q7 i2KT2`�im`2X h?2 SG bT2+i`mK �i 2�+? i2KT2`�im`2 r�b }i

rBi? � irQ@:�mbbB�M 7mM+iBQM- 7`QK r?B+? i?2 +2Mi`�H r�p2H2M;i? Q7 i?2 /QKBM�Mi T2�F r�b

+QMp2`i2/ iQ 2M2`;v �M/ THQii2/ BM amTTH2K2Mi�`v 6B;m`2 8 U/2i�BHb Q7 i?2 irQ@:�mbbB�M }i

�`2 `2TQ`i2/ BM _27X R9VX Ai b?QmH/ #2 MQi2/ i?�i i?2 SG T2�F 2M2`;v bHB;?iHv mM/2`2biBK�i2b

i?2 #�M/;�T 2M2`;v- r?2`2�b � KQ`2 �++m`�i2 /2i2`KBM�iBQM Q7 i?2 #�M/;�T 2M2`;v +�M #2

�+?B2p2/ #v i?2 1HHBQi }i QM i?2 �#bQ`TiBQM #�M/;�TXR3 L2p2`i?2H2bb- amTTH2K2Mi�`v 6B;@

m`2 8 b?Qrb i?�i �#Qp2 i?2 T?�b2 i`�MbBiBQM i2KT2`�im`2 U⇠ 150EV- i?2 #�M/;�T /2+`2�b2b

�#`mTiHv �M/ i?2 #�M/;�T QT2MBM; `�i2 /`QTb 7`QK yX9e K2o E�1 iQ yXjj K2o E�1X
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amTTH2K2Mi�`v 6B;m`2 8, SG T2�F 2M2`;v Q7 i?2 J�S#A3 bBM;H2 +`vbi�H U#Hm2 +`Qbb2bV �M/ i?2
i?BM }HK U`2/ +B`+H2bV �b � 7mM+iBQM Q7 i2KT2`�im`2X �++Q`/BM; iQ _27X R3- i?2 i`m2 #�M/;�T
2M2`;v Bb 2tT2+i2/ iQ #2 ke K2o �M/ R8 K2o H�`;2` BM i?2 Q`i?Q`?QK#B+ �M/ i2i`�;QM�H T?�b2b
`2bT2+iBp2HvX

Rk



8 S?QiQ@BM/m+2/ #Hm2b?B7i Q7 T?QMQM KQ/2b

AM Q`/2` iQ /2KQMbi`�i2 i?2 T?QMQM@b?B7i T?2MQK2MQM BM J�S#A3 KQ`2 +H2�`Hv- r2 +QKT�`2

i?2 +QM/m+iBpBiv U�M/ `2~2+iBpBivV bT2+i`� K2�bm`2/ QM b�KTH2b rBi? �M/ rBi?Qmi T?QiQ2t@

+Bi�iBQM b2T�`�i2HvX �b b?QrM BM amTTH2K2Mi�`v 6B;m`2 eU+V- � +H2�` #Hm2b?B7i Q7 T?QMQM

7`2[m2M+v Bb Q#b2`p2/ BM i?2 `2~2+iBpBiv bT2+i`mK Q7 J�S#A3 bBM;H2 +`vbi�H K2�bm`2/ �i

d8 E- r?B+? Bb BM/B+�i2/ #v i?2 #H�+F �``QrbX >Qr2p2`- BM +QMi`�bi- i?2 #Hm2b?B7i Q7 T?QMQM

7`2[m2M+v BM i?2 +�b2 Q7 J�S#A3 i?BM }HK UamTTH2K2Mi�`v 6B;m`2 e� �M/ e#V Bb Km+? H2bb

MQiB+2�#H2- QrBM; iQ i?2 Km+? #`Q�/2` T?QMQM T2�Fb �bbQ+B�i2/ rBi? i?2 TQHv+`vbi�HHBM2

b�KTH2bX

6m`i?2`KQ`2- i?2 #Hm2b?B7i BM bBM;H2 +`vbi�H K2�bm`2/ �i kN8 E UamTTH2K2Mi�`v 6B;m`2 e/V

#2+QK2b H2bb Q#pBQmb /m2 iQ i?2 2z2+i Q7 T?QMQM #`Q�/2MBM;- r?B+? K�F2b i?2 b?B7i2/ T?QMQM

T2�F H2bb@r2HH `2bQHp2/ �M/ ?2M+2 H2bb T`QKBM2MiX J2�Mr?BH2- MQ #Hm2b?B7i Bb Q#b2`p2/ BM i?2

i?BM }HK �i kN8 E- QrBM; iQ i?2 b?Q`i2`@HBp2/ T?QMQM KQ/2bX PM i?2 Qi?2` ?�M/- i?2 KQ`2

T2`bBbi2Mi T?QMQM@?�`/2MBM; 2z2+i Q#b2`p2/ BM i?2 J�S#A3 bBM;H2 +`vbi�H bm;;2bib i?�i i?2

HQM;2` T?QMQM HB72iBK2b K�v +QMi`B#mi2 iQ T`QHQM;BM; i?2 T?QMQM@?�`/2MBM; T`Q+2bbX PM2

+QMb2[m2M+2 Q7 i?Bb T?2MQK2MQM Bb i?�i �Hi?Qm;? i?2 bBM;H2 +`vbi�H ?�b i?2 �/p�Mi�;2 Q7

?�pBM; MQ ;`�BM #QmM/�`B2b iQ �+?B2p2 ?B;?2` 2H2+i`B+�H KQ#BHBiv- Bib HQM;2`@HBp2/ T?QMQMb +�M

bmTT`2bb i?2 KQ#BHBiv KQ`2 bB;MB}+�MiHv +QKT�`2/ iQ i?2 i?BM }HK- r?B+? TH�+2b �M mTT2`

HBKBi iQ i?2 T?QiQpQHi�B+ T2`7Q`K�M+2 Q7 bBM;H2@+`vbi�H@#�b2/ /2pB+2bX

Rj
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amTTH2K2Mi�`v 6B;m`2 e, *QM/m+iBpBiv bT2+i`� Q7 J�S#A3 i?BM }HK K2�bm`2/ �i U�V 8 E
�M/ U#V kN8 EX _2~2+iBpBiv bT2+i`mK Q7 J�S#A3 bBM;H2 +`vbi�H K2�bm`2/ �i U+V d8 E �M/
U/V kN8 EX h?2 #Hm2 +m`p2b `2T`2b2Mi i?2 K2�bm`2K2Mib i�F2M rBi?Qmi T?QiQ2t+Bi�iBQM �M/
i?2 `2/ +m`p2b `2T`2b2Mi i?2 K2�bm`2K2Mib i�F2M �i 8 Tb �7i2` T?QiQ2t+Bi�iBQM mM/2` ~m2M+2
93µC+K�2X
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e 6B`bi@T`BM+BTH2b +�H+mH�iBQMb Q7 +m#B+ *bS#A3

lbBM; b2H7@+QMbBbi2Mi K�Mv@#Q/v +Q``2+iBQM- r2 +QKTmi2/ i?2 #�M/;�T Q7 *bS#A3 iQ #2

yX3e 2o rBi? � yXRe �M/ yXRd ?QH2 �M/ 2H2+i`QM 2z2+iBp2 K�bb2b HQ+�i2 �i i?2 R@TQBMiRN �M/

b?Qr i?2 2H2+i`QMB+ #�M/ bi`m+im`2 BM amTTH2K2Mi�`v 6B;m`2 dX q2 +QKTmi2/ i?2 �/B�#�iB+

T?QMQM #�M/ bi`m+im`2 Q7 *bS#A3 BM amTTH2K2Mi�`v 6B;m`2 3 �M/ Q#b2`p2/ bQ7i KQ/2b r?B+?

`2H�i2 iQ i?2 Q+i�?2/`�H iBHiBM; BMbi�#BHBiv BM i?2 +m#B+ T?�b2 �M/ �`2 bi�#BHBx2/ #v �M?�`KQMB+

2z2+ibXky AM/22/- Bi Bb 2tT2`BK2Mi�HHv 7QmM/ i?�i i?2 BQ/BM2 �iQKb `�TB/Hv ~m+im�i2b �`QmM/

i?2B` 2[mBHB#`BmK TQbBiBQMbXkR aBKmH�iBM; i?Bb 2z2+i �#@BMBiBQ rQmH/ `2[mB`2b K�Mv �iQKB+

+QM};m`�iBQMb r2B;?i2/ #v i?2B` i?2`KQ/vM�KB+�H T`Q#�#BHBiv 7Q` � ;Bp2M i2KT2`�im`2 �M/

?�b M2p2` #22M /QM2 bQ 7�` /m2 iQ Bib T`Q?B#BiBp2 +QKTmi�iBQM�H +QbiX L2p2`i?2H2bb- iQ

�bb2bb i?2 BKTQ`i�M+2 Q7 i?2 bQ7i KQ/2b +QMi`B#miBQM BM +m#B+ *bS#A3 QM i?2 2H2+i`QM@T?QMQM

T`QT2`iB2b- r2 `2T2�i2/ i?2 +�H+mH�iBQMb #v b2iiBM; i?2 2M2`;v Q7 i?2 bQ7i KQ/2b iQ h̄!4R K2o

�M/ Q#i�BM2/ �HKQbi B/2MiB+�H `2bmHib-RN BM/B+�iBM; � M2;HB;B#H2 +QMi`B#miBQM Q7 i?Qb2 KQ/2b

iQ i?2 Qp2`�HH 2H2+i`QM@T?QMQM +QmTHBM;X
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amTTH2K2Mi�`v 6B;m`2 d, 1H2+i`QMB+ #�M/ bi`m+im`2 Q7 *bS#A3 mbBM; a = 6.276³ H�iiB+2
T�`�K2i2`X

q2 mb2/ � `B;B/ #�M/ �TT`QtBK�iBQM iQ bBKmH�i2 /QTBM; �M/ +QKTmi2 i?�i i?2 62`KB

H2p2H rBHH #2 HQ+�i2/ dX3 K2o- j8Xy K2o �M/ R88Xk K2o #2HQr i?2 p�H2M+2 #�M/ K�tBKmK 7Q`

R8



amTTH2K2Mi�`v 6B;m`2 3, �/B�#�iB+ T?QMQM #�M/bi`m+im`2 rBi? /QTBM; Q7 *bS#A3 mbBM;
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amTTH2K2Mi�`v h�#H2 R, _2MQ`K�HBx�iBQM Q7 i?2 ?B;?2bi hP T?QMQM 7`2[m2M+v �i i?2 xQM2
+2Mi2`X

�/B�#�iB+ !TO U+K�1V LQM@�/B�#�iB+ ⌦TO U+K�1V
.QTBM; jy E jyy E
lM/QT2/ 3RXyR3e @ @
>QH2 Ry17 +K�3 3RXR33R 3RXRj8R 3RXRj8j
>QH2 Ry18 +K�3 3RXydRd @ 3RXkkyj
>QH2 Ry19 +K�3 3RXyRye @ 3RXRjNe
1H2+i`QM Ry17 +K�3 3RXjjey 3RXkRek 3RXkRe9
1H2+i`QM Ry18 +K�3 3RXk8y9 @ 3RXj3Re
1H2+i`QM Ry19 +K�3 3RX988e @ 3RX89jy

amTTH2K2Mi�`v h�#H2 k, _2MQ`K�HBx�iBQM Q7 i?2 KB/ hP UKQ/2b Ry@RRV T?QMQM 7`2[m2M+v
�i i?2 xQM2 +2Mi2`X

�/B�#�iB+ !TO U+K�1V LQM@�/B�#�iB+ ⌦TO U+K�1V
.QTBM; jy E jyy E
lM/QT2/ kdX98ek @ @
>QH2 Ry17 +K�3 k9XN93j k9X3dde k9X3ddd
>QH2 Ry18 +K�3 k3XjR89 @ k8Xyykd
>QH2 Ry19 +K�3 k3X9jk3 @ k8Xy3j9
1H2+i`QM Ry17 +K�3 kjX3d9y kjX3kdj kjX3kd8
1H2+i`QM Ry18 +K�3 kdX9y3j @ kjX3dj8
1H2+i`QM Ry19 +K�3 kdX98yN @ kjXN899
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�/B�#�iB+ !TO U+K�1V LQM@�/B�#�iB+ ⌦TO U+K�1V
.QTBM; jy E jyy E
lM/QT2/ RjX9kRN @ @
>QH2 Ry17 +K�3 R9XRRdR R9Xy9RN R9Xy9RN
>QH2 Ry18 +K�3 R9XR8y9 @ R9XRRjR
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URV a2B72`i- hXc C�Bbr�H- aXc a�D�/B- JXc C�FQ#- :Xc qBMM2`H- aXc qQH7- JXc EH mB- JXc

E�KT7`�i?- hX lHi`�#`Q�/#�M/ aBM;H2@*v+H2 h2`�?2`ix SmHb2b rBi? S2�F 6B2H/b Q7

jyy Fo+K�1 7`QK � J2i�HHB+ aTBMi`QMB+ 1KBii2`X �TTHX S?vbX G2iiX kyRd- RRy- k8k9ykX

UkV E`�K2`b- >X �X aQK2 _2K�`Fb QM i?2 h?2Q`v Q7 �#bQ`TiBQM �M/ _27`�+iBQM Q7 s@_�vbX

L�im`2 RNke- RRd- dd9Ĝdd8X

UjV E`QMB;- _X /X GX PM i?2 h?2Q`v Q7 .BbT2`bBQM Q7 s@_�vbX CQb� RNke- Rk- 89dĜ88dX

U9V EmxK2MFQ- �X "X E`�K2`bĜE`QMB; *QMbi`�BM2/ o�`B�iBQM�H �M�HvbBb Q7 PTiB+�H aT2+i`�X

_2pX a+BX AMbi`mK kyy8- de- y3jRy3X

U8V EmxK2MFQ- �X "X :mB/2 iQ _2{i aQ7ir�`2 iQ 6Bi PTiB+�H aT2+i`�X ?iiTb,ff`277BiX+?f

rT@+QMi2MifmTHQ�/bfkyR3fRyfJ�Mm�HXT/7X

UeV :Q2ix#2`;2`- �Xc EMQ#HQ+?- CXc oQbb- "X *`vbi�HHBM2 aBHB+QM aQH�` *2HHbc RNN3X

UdV CQv+2- >X CXc "QH�M/- CX GXc .�pB2b- *X GXc "�B;- aX �Xc CQ?MbiQM- JX "X � `2pB2r Q7

i?2 2H2+i`B+�H T`QT2`iB2b Q7 b2KB+QM/m+iQ` M�MQrB`2b, BMbB;?ib ;�BM2/ 7`QK i2`�?2`ix

+QM/m+iBpBiv bT2+i`Qb+QTvX a2KB+QM/X a+BX h2+?MQH kyRe- jR- RyjyyjX

U3V .Ƕ�M;2HQ- 6Xc LÿK2+- >Xc S�`2F?- aX >Xc Emʈ2H- SXc "QMM- JXc hm`+?BMQpB+?- .X a2H7@

_272`2M+2/ lHi`�@"`Q�/#�M/ h`�MbB2Mi h2`�?2`ix aT2+i`Qb+QTv lbBM; �B`@S?QiQMB+bX

PTiX 1tT`2bb kyRe- k9- RyR8dĜRyRdRX

UNV q2?`2M72MMB;- *Xc GBm- JXc aM�Bi?- >X CXc CQ?MbiQM- JX "Xc >2`x- GX JX *?�`;2@

*�``B2` .vM�KB+b BM o�TQm`@.2TQbBi2/ 6BHKb Q7 i?2 P`;�MQH2�/ >�HB/2 S2`QpbFBi2

*>3L>3S#A3�x*HxX 1M2`;v 1MpB`QMX a+BX kyR9- d- kkeNĜkkd8X

URyV JBHQi- _X GXc 1T2`QM- :X 1Xc aM�Bi?- >X CXc CQ?MbiQM- JX "Xc >2`x- GX JX h2KT2`�im`2@

.2T2M/2Mi *?�`;2@*�``B2` .vM�KB+b BM *>3L>3S#A3 S2`QpbFBi2 h?BM 6BHKbX �/pX

6mM+iX J�i2`X kyR8- k8- ekR3ĜekkdX
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URRV G�@Q oQ`�FB�i- *Xc *?2M;- GXc a�HBK- hXc J�`+mb- _X �Xc JB+?2H@"2v2`H2- JX@1Xc

G�K- uX JXc *?B�- 1X 1X S?QMQM 62�im`2b BM h2`�?2`ix S?QiQ+QM/m+iBpBiv aT2+i`�

/m2 iQ .�i� �M�HvbBb �`iB7�+i, � *�b2 aim/v QM P`;�MQK2i�HHB+ >�HB/2 S2`QpbFBi2bX

�TTHX S?vbX G2iiX kyRd- RRy- RkjNyRX

URkV lH�iQrbFB- �X JXc >2`x- GX JXc CQ?MbiQM- JX "X h2`�?2`ix *QM/m+iBpBiv �M�HvbBb 7Q`

>B;?Hv .QT2/ h?BM@6BHK a2KB+QM/m+iQ`bX CX AM7`�`2/ JBHHBKX h2`�?2`ix q�p2b kyky-

9R- R9jRĜR99NX

URjV q2?`2M72MMB;- *Xc GBm- JXc aM�Bi?- >X CXc CQ?MbiQM- JX "Xc >2`x- GX JX *?�`;2@

*�``B2` .vM�KB+b BM o�TQm`@.2TQbBi2/ 6BHKb Q7 i?2 P`;�MQH2�/ >�HB/2 S2`QpbFBi2

*>3L>3S#A3�x*HxX 1M2`;v 1MpB`QMX a+BX kyR9- d- kkeNĜkkd8X

UR9V sB�- *X ZXc S2M;- CXc SQM+û- aXc S�i2H- CX "Xc q`B;?i- �X .Xc *`Qi?2`b- hX qXc lHH2` _Qi?@

K�MM- JXc "Q`+?2`i- CXc JBHQi- _X GXc E`�mb- >X- 2i �HX GBKBib iQ 1H2+i`B+�H JQ#BHBiv BM

G2�/@>�HB/2 S2`QpbFBi2 a2KB+QM/m+iQ`bX CX S?vbX *?2KX G2iiX kykR- Rk- jeydĜjeRdX

UR8V q?�HH2v- GX .Xc aF2HiQM- CX JXc 6`Qbi- CX JXc q�Hb?- �X S?QMQM �M?�`KQMB+Biv- GB72@

iBK2b- �M/ h?2`K�H h`�MbTQ`i BM *>3L>3S#A3 7`QK J�Mv@"Q/v S2`im`#�iBQM h?2Q`vX

S?vbX _2pX " kyRe- N9- kkyjyRX

UReV E�b?- CX �Xc hb�M;- CX *X a2+QM/�`v@1KBbbBQMbim/B2b Q7 >Qi *�``B2` _2H�t�iBQM BM SQH�`

a2KB+QM/m+iQ`bX aQHB/ ai�i2 1H2+i`QMX RN33- jR- 9RNĜ9k9X

URdV oQM/2`HBM/2- .Xc Em?H- CXc EHBM;2M#2`;- >X _�K�M@a+�ii2`BM; 7`QK LQM@1[mBHB#`BmK

GP S?QMQMb rBi? SB+Qb2+QM/ _2bQHmiBQMX S?vbX _2pX G2iiX RN3y- 99- R8y8ĜR8y3X

UR3V .�pB2b- *X GXc 6BHBT- JX _Xc S�i2H- CX "Xc *`Qi?2`b- hX qXc o2`/B- *Xc q`B;?i- �Xc

JBHQi- _X GXc :BmbiBMQ- 6Xc CQ?MbiQM- JX "Xc >2`x- GX JX "BKQH2+mH�` _2+QK#BM�iBQM

BM J2i?vH�KKQMBmK G2�/ h`BBQ/B/2 S2`QpbFBi2 Ab �M AMp2`b2 �#bQ`TiBQM S`Q+2bbX L�iX

*QKKmMX kyR3- N- kNjX
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URNV SQM+û- aXc a+?HBT7- JXc :BmbiBMQ- 6X P`B;BM Q7 GQr *�``B2` JQ#BHBiB2b BM >�HB/2 S2`@

QpbFBi2bX �*a 1M2`;v G2iiX kyRN- 9- 98eĜ9ejX

UkyV J�``QMMB2`- �Xc _QK�- :Xc "Qv2`@_B+?�`/- aXc S2/2bb2�m- GXc C�M+m- CX@JXc "QM@

M�bbB2mt- uXc E�i�M- *Xc aiQmKTQb- *X *Xc E�M�ixB/Bb- JX :Xc 1p2M- CX �M?�`KQMB+Biv

�M/ .BbQ`/2` BM i?2 "H�+F S?�b2b Q7 *2bBmK G2�/ AQ/B/2 lb2/ 7Q` ai�#H2 AMQ`;�MB+

S2`QpbFBi2 aQH�` *2HHbX �*a L�MQ kyR3- Rk- j9ddX

UkRV q?Bi}2H/- SXc >2``QM- LXc :mBb2- qX 1Xc S�;2- EXc *?2M;- uX ZXc JBH�b- AXc *`�r@

7Q`/- JX EX ai`m+im`2b- S?�b2 h`�MbBiBQMb �M/ h`B+`BiB+�H "2?�pBQ` Q7 i?2 >v#`B/ S2`@

QpbFBi2 J2i?vH �KKQMBmK G2�/ AQ/B/2X a+BX _2TX kyRe- e- j8e38X

UkkV :BmbiBMQ- 6X 1H2+i`QMĜS?QMQM AMi2`�+iBQMb 7`QK 6B`bi S`BM+BTH2bX _2pX JQ/X S?vbX kyRd-

3N- yR8yyjX

UkjV a+?HBT7- JXc SQM+û- aXc :BmbiBMQ- 6X *�``B2` GB72iBK2b �M/ SQH�`QMB+ J�bb 1M?�M+2K2Mi

BM i?2 >v#`B/ >�HB/2 S2`QpbFBi2 *>3L>3S#A3 7`QK JmHiBT?QMQM 6`ƺ?HB+? *QmTHBM;X

S?vbX _2pX G2iiX kyR3- RkR- y3e9ykX

Uk9V _2bi�- _X h?QK�b@62`KB .B2H2+i`B+ a+`22MBM; BM a2KB+QM/m+iQ`bX S?vbX _2pX " RNdd-

Re- kdRdĜkdkkX

k9


