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I J KLMNOPQRMSOL
TUV WXYZ[Y\[Y] ^ [_V`abVc_ X WW\bbVYWV Xd WXYZce [YcZ[XY _\V ZX `a[ff` cY_ fVcg` Xd Xb]cY[W

e cZVb[cf` `\WU c` a VZbXfV\e abX_\WZ` ^U[WU XWW\b _\b[Y] ZUV[b ZbcY`a XbZ h `ZXbc]V cY_ _[`i
aX`cf Wc\`V` abXjfVe ` dXb X\b U[]Uik\cf[Zl ]bX\Y_i^cZVb bV`X\bWV` J mY `a[ZV Xd [YWbVc`V_
c^cbVYV`` Xd ZUV VYn[bXYe VYZcf [e acWZ` Xd X[f `a [ff` [Z caaVcb` ZX j V [eaX``[j fV ZX cnX[_
ZUV`V cWW[_VYZ` J o b]cY[W a Xff\ZcYZ` cbV bVdVbbV_ ZX c` YXYick\VX\` aUc`V f[k\[_` pqrstuh
^U[WU e cl UcnV c _VY`[Zl `e cffVb ZUcY ^cZVb ptqrstu Xb fcb]Vb ZUcY ^cZVb pvqrstu J
Tbc_[Z[XYcf WfVcY \a e VZUX_` Xd ZUV`V `a[ff` `\WU c` a\eaicY_iZbVcZ cbV `fX^ jVWc\`V _[w\i
`[XYx_[``Xf\Z[XY cbV ZUV e c[Y bVeXncf e VWUcY[`e ` J tXY] WfVcY \a Z[e V` acbZ[W\fcbfl XWW\b
dXb U[]Ufl UVZVbX]VYVX\` WXY_[Z[XY` yIz{ hy|z{ J
}VeXncf Xd WXYZce [YcYZ` ^ [ZU `ZVce [` cY cfZVbYcZ[nV J ~ZVce [Y� VWZ[XY [` ^ [_Vfl `Z\_[V_

[Y sVZbXfV\e �Y][YVVb[Y] yzz{ hyz I{ h yI|{ J ~ZVce [Y� VWZ[XY fVc_` ZX cY V�acY_[Y] UVcZV_ �XYV h
`VacbcZV_ dbXe ZUV Xb[][Ycf WXf_ �XYV jl c `UXbZ ZbcY`[Z[XY �XYV h ^UVbV eX`Z Xd ZUV `ZVce
WXY_VY`V` J TUV ZbcY`[Z[XY �XYV [` XdZVY WXY`[_VbV_ c` c dbXYZ h ZUV `XiWcffV_ `ZVce WXY_VY`ci
Z[XY dbXYZ J ~ZVce WcY cf`X WfVcY acbZ` ZUcZ cbV [Y_[bVWZfl UVcZV_ jl WXY_\WZ[XY J TUVbVdXbV
ZUV VwVWZ Xd UVZVbX]VYV[Zl [` `e cffVb j VWc\`V ZUV WXY_\WZ[n [Zl [` e\WU fV`` UVZVbX]VYVX\`
ZUcY ZUV a Vbe Vcj[f[ZlJ �XY`Vk\VYZfl `ZVce [` cjfV ZX bVWXnVb Xb]cY[W a Xff\ZcYZ` dbXe U[]Ufl
[eaVbe VcjfV acbZ` cY_ [` cjfV ZX bV_\WV ZUV ceX\YZ Xd X[f fVdZ ZX n[bZ\cffl �VbX J qXYV Xd
ZUV XZUVb ZVWUY[k\V` gYX^Y ZX_cl [` cjfV ZX WXeaVZV ^ [ZU ZUV`V Z^X c_ncYZc]V` Xd `ZVce J
TUVbV [` cY cj\Y_cYZ f[ZVbcZ\bV XY V�aVb[e VYZcf yI�{ cY_ ZUVXbVZ[Wcf yI�{ e X_Vf[Y] Xd `ZVce
[Y� VWZ[XY dXb WfVcY \a cY_ X[f bVWXnVblJ
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TUVbV cbV h UX^VnVb h c Y\ejVb Xd abXjfVe ` ^ [ZU `ZVce ZUcZ cbV `Z[ff YXZ XaZ[e cffl `XfnV_ J
oYV abXjfVe [` ZUcZ `ZVce cZ YXbe cf jX[f[Y] ZVeaVbcZ\bV` WXeafVZVfl _V`ZbXl` ZUV VWX`l`i
ZVe J rYXZUVb [` ZUV _X^Y^cb_ e []bcZ[XY Xd vqrst c` [Z cWW\e\fcZV` YVcb ZUV `ZVce
WXY_VY`cZ[XY dbXYZ y|{ h j y|�{ J mY j XZU Wc`V` `[e\fZcYVX\` [Y� VWZ[XY Xd `ZVce ^ [ZU Y[ZbX]VY
Xb c[b [` cjfV ZX cffVn [cZV ZUV abXjfVe J ~[e\fZcYVX\` [Y� VWZ[XY Xd c YXYibVcWZ[nV ]c` fX^Vb`
ZUV ZVeaVbcZ\bV Xd ZUV `ZVce cZ c ][nVY ZXZcf abV``\bV h j VWc\`V ZUV ^cZVb abV``\bV j VWXe V`
fX^Vb J r fX^Vb ^cZVb abV``\bV fVc_` ZX c fX^Vb j X[f[Y] a X[YZ J TUVbVdXbV fV`` VYVb]l [` bVk\[bV_
ZX UVcZ \a ZUV `X[f ZX c fX^Vb ZVeaVbcZ\bV J TUV [eaXbZcYZ dVcZ\bV ZUcZ fVc_` ZX c bV_\WZ[XY
Xd _X^Y^cb_ eXnVeVYZ [` ZUV a X``[j fV dXbe cZ[XY Xd c WXf_ ]c`VX\` �XYV _X^Y`ZbVce Xd ZUV
`ZVce WXY_VY`cZ[XY dbXYZ J ~\WU c ]c`VX\` �XYV _X V` YXZ XWW\b ^UVY a\bV `ZVce [` [Y� VWZV_ J
TUV eVWUcY[`e ZUcZ WX\YZVbcWZ` _X^Y^cb_ _[`afcWVe VYZ [` ZUcZ ZUV WXY_VY`[Y] qrst �` cbV
`abVc_ X\Z [Y ZUV ]c`VX\` �XYV h ^U[WU bV_\WV` [Z` bVfcZ[nV a Vbe Vcj[f[Zl cY_ UVYWV ZUV bcZV
cZ ^U[WU [Z eXnV` _X^Y^cb_ J TU[` e VWUcY[`e Uc` j VVY [YnV`Z[]cZV_ jXZU ZUVXbVZ[Wcffl cY_
V�aVb[e VYZcffl yI�{ h y|�{ J �X^VnVb h [Z Uc` YXZ j VVY [YnV`Z[]cZV_ ^UVZUVb c _X^Y`ZbVce WXf_
]c`VX\` �XYV ^ [ff cf^cl` V� [`Z dXb cff a X``[j fV WXY_[Z[XY` J TUV V� [`ZVYWV Xd `\WU c �XYV [` c
abVbVk\[`[ZV ZX WX\YZVbcWZ _X^Y^cb_ eXnVe VYZ J mY ZUV `ce V ^cl ZUVbV WcY jV WXY_[Z[XY`
`\WU ZUcZ c _X^Y`ZbVce WXf_ ]c`VX\` �XYV V� [`Z` h j\Z [Z [` nVbl `UXbZ J mZ [` cf`X [eaXbZcYZ
ZX gYX^ ZUcZ XaZ[e cf WXY_[Z[XY` ZX WX\YZVbcWZ _X^Y^cb_ eXnVeVYZ WcY jV e c[YZc[YV_ VnVY
cdZVb UVcZ fX`` VwVWZ` J
mY Xb_Vb ZX [YnV`Z[]cZV ^UVZUVb c `\� W[VYZfl fcb]V WXf_ ]c`VX\` �XYV ^ [ff j V abV`VYZ dXb cff

a X``[j fV WXY_[Z[XY` [Z [` \`Vd\ f ZX XjZc[Y c WXeafVZV `VZ Xd `Xf\Z[XY` dXb c bVabV`VYZcZ[nV `l`ZVe
Xd eX_Vf Vk\cZ[XY` J ~\WU c bVabV`VYZcZ[nV `l`ZVe WcY WXY`[`Z Xd ZUV WXeaXYVYZ e c`` jcfcYWV
Vk\cZ[XY` cY_ ZUV VYVb]l jcfcYWV Vk\cZ[XY `\aafVe VYZV_ ^ [ZU vcbWl �` fc^ Xd e\fZ[iaUc`V
�X^ J �Xb c _[`Zb[j\Z[XY Xd WXeaXYVYZ` ce XY] ZUV aUc`V` ^V ecl c``\eV ZUVbe X_lYce [W
Vk\[f[jb[\e J mY c Iiv `VZZ[Y] h _[w\`[XYcf abXWV``V` `\WU c` e XfVW\fcb _[w\`[XY h _[`a Vb`[XY h
ZUVbe cf WXY_\WZ[XY cY_ Wca[ffcbl VwVWZ` cbV \`\cffl `e cff cY_ WcY j V _[`bV]cb_V_ J TUVbVdXbV
ZUV e X_Vf Vk\cZ[XY` XYfl WXYZc[Y cY cWW\e\fcZ[XY ZVbe cY_ c WXYnVWZ[XY ZVbe J �V ^ [ff bVdVb
ZX ZUV eX_Vf Vk\cZ[XY` ^ [ZU XYfl cWW\e\fcZ[XY cY_ WXYnVWZ[XY ZVbe ` c` Vk\cZ[XY` [Y ZUV
Ula VbjXf[W dbce V^Xbg J

�l c WXeafVZV `VZ Xd `Xf\Z[XY` ^V \Y_Vb`ZcY_ cff Zla V` Xd `Xf\Z[XY` ZUcZ cbV k\cf[ZcZ[nVfl
_[wVbVYZ J r ^Vff gYX^Y V�ceafV Xd `Xf\Z[XY` ZUcZ cbV k\cf[ZcZ[nVfl _[wVbVYZ dXb `ZVce [Y� VWi
Z[XY [Y X[f bV`VbnX[b` [` abV`VYZV_ [Y ZUV Wfc``[Wcf acaVb jl � cY_f cY_ �XfVg yI�{ h ^UX `UX^
ZUcZ j VfX^ c Wb[Z[Wcf pYXYi�VbXu `ZVce k\cf[Zl ZUV `ZVce WXY_VY`cZ[XY dbXYZ WVc`V` ZX V� [`Z
cY_ c `ZVce _b[nV [` WXYnVbZV_ ZX c UXZ ^cZVb _b[nV J
}VWVYZ _VnVfXaeVYZ` [Y ZUV ZUVXbl Xd j[d\bWcZ[XY` XWW\bb[Y] [Y `l`ZVe ` Xd UlaVbj Xf[W

WXY`VbncZ[XY Vk\cZ[XY` UcnV fV_ ZX c eVZUX_XfX]l ZX �Y_ cff k\cf[ZcZ[nVfl _[wVbVYZ `Xf\Z[XY` J
r bVn[V^ Xd ZUV ZUVXbl [` `\eecb[�V_ dXb c a VZbXfV\e VY][YVVb[Y] c\_[VYWV [Y cY caaVY_[�
Xd yI�{ J mY Xb_Vb ZX gVVa ZUV abXjfVe ZbcWZcjfV ^V WXY`[_Vb `ZVceiY[ZbX]VY �X^ [Y ZUV d\ffl
`cZ\bcZV_ �XYV cY_ []YXbV ZUV abV`VYWV Xd ZUV qrst WXYZce [YcYZ J �V fVcnV ZU[` dXb d\Z\bV
^Xbg J TUV `Xf\Z[XY` Xd ZUV `ZVceiY[ZbX]VY �X^ abXjfVe WcY jV WXYnVY[VYZfl [ff\`ZbcZV_
]bcaU[Wcffl [Y ZUV ZVeaVbcZ\bV h ^cZVb `cZ\bcZ[XY p� � �� u `acWV J mY ZU[` aUc`V _[c]bce cff
Zla V` Xd `Xf\Z[XY` WcY jV `UX^Y cY_ j[d\bWcZ[XY WXY_[Z[XY` cbV W\bnV` [Y ZU[` `acWV J TUV`V
W\bnV` cbV fX W[ ^UVbV ^cnV `a VV_` j VWXeV Vk\cf Xb cZZc[Y e c�[e\e ncf\V` J � UVYVnVb c
`Xf\Z[XY acZU WbX``V` `\WU c j[d\bWcZ[XY W\bnV c YV^ Zla V Xd `Xf\Z[XY [` V�a VWZV_ J � VWc\`V
e cYl eX_Vf acbceVZVb` cbV ��V_ V J] J ZUV ZVeaVbcZ\bV _Va VY_VYWV Xd ZUV _VY`[Z[V` cY_
n[`WX`[Z[V` cY_ XZUVb acbceVZVb` `\WU c` aXbX`[Zl cY_ bV`[_\cf `cZ\bcZ[XY` `UX^ XYfl `e cff
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� S�QN� � ��� ~WUVecZ[W bVabV`VYZcZ[XY Xd XYV Xd ZUV aX``[j fV `cZ\bcZ[XY cY_
ZVeaVbcZ\bV abX� fV` _\b[Y] `ZVce xY[ZbX]VY [Y� VWZ[XY [Y cY Xb[][Ycffl ^cZVb
� ffV_ WXbV J

ncb[cZ[XY` ZUV ZXa XfX][Wcf `Zb\WZ\bV Xd ZUV aUc`V _[c]bce [` [Y ZU[` Wc`V bVabV`VYZcZ[nV dXb cff
WXY_[Z[XY` J mY_VV_ VnVY ncb[X\` V�abV``[XY` Xd bVfcZ[nV a Vbe Vcj[f[Z[V` ^ [ff fVc_ ZX ZUV `ceV
Zla V Xd _[c]bce J
mY ~VWZ[XY | ^V ^ [ff _V`Wb[j V ZUV eX_Vf dXb `ZVceiY[ZbX]VY [Y� VWZ[XY J �V ^ [ff dXbe\fcZV

ZUV Vk\cZ[XY` [Y ZUV UlaVbj Xf[W dbce V ^Xbg J �V ^ [ff abXnV `XeV [eaXbZcYZ abXa VbZ[V` Xd
ZUV `Xf\Z[XY Xd ZUV Vk\cZ[XY` J mY ~VWZ[XY z ^V ^ [ff dXbe\fcZV ZUV �\]XY[XZ WXY_[Z[XY` cZ
ZUV `ZVce WXY_VY`cZ[XY dbXYZ J mY ~VWZ[XY � ^V _[`W\`` ZUV bcbVdcWZ[XY` cY_ `UX Wg` c^cl
dbXe WXY_VY`cZ[XY J mY ~VWZ[XY � ^V _VZVbe [YV ZUV `Zb\WZ\bV Xd ZUV } [Ve cYY `Xf\Z[XY` cY_
[Y ~VWZ[XY � ^V `UX^ ZUV aUc`V _[c]bce ` Xd c `Xf\Z[XY dXb cY [Y[Z[cffl ^cZVb `cZ\bcZV_ WXbV J
raa VY_[� r WXYZc[Y` c ZcjfV V�afc[Y [Y] cff ZUV `lejXf` J � XbVXnVb raaVY_[� r `\eecb[�V`
cff bVfVncYZ _Va VY_VYW[V` Xd aUl`[Wcf abXa VbZ[V` XY ZVeaVbcZ\bV J ~XeV WcfW\fcZ[XY` bVfVncYZ
dXb ZUV e c[Y WUcY]V [Y ^cnV `Vk\VYWV caaVcb [Y raaVY_[� � J

| J 	
� �OP�� ON ��M�N PS����R���LM �� � S��P �M��� � SN SL ��RMSOL
| JIJ �������� ������ !�"���� # �V WXY`[_Vb ZUV [Y� VWZ[XY Xd ^cZVb h `ZVce h cY_ Y[ZbX]VY Xb
XZUVb YXYibVcWZ[nV ]c` [Y c f[YVcb WXbV Xb[][Ycffl � ffV_ ^ [ZU ^cZVb p`VV � [] J | JIu J TUV WXbV
WXY`[`Z` Xd `cY_ ^ [ZU WXY`ZcYZ a XbX`[Zl $ cY_ a Vbe Vcj[f[Zl % & TUV WXbV [` UXb[�XYZcf cY_ ^V
_[`bV]cb_ ZUV VwVWZ` Xd ]bcn[ZlJ TbcY`nVb`V Wca[ffcbl abV``\bV _[w\`[XY [` `\� W[VYZfl fcb]V
ZX ]\cbcYZVV c \Y[dXbe `cZ\bcZ[XY XnVb ZUV WbX``i`VWZ[XY J TUV _[`afcWVe VYZ [` WXY`[_VbV_ ZX
XWW\b cZ WXY`ZcYZ abV``\bV h [Y ZUV `VY`V ZUcZ ^V _[`bV]cb_ cYl VwVWZ XY ZUV ZUVbe X_lYce [W
abXa VbZ[V` Xb �\[_ n[`WX`[Z[V` _\V ZX �X^ [Y_\WV_ abV``\bV ncb[cZ[XY` J
mY ZUV WXbV ^V �Y_ Z^X ^ [_V bV][XY` n[� J c UXZ bV][XY cY_ c WXf_ bV][XY c` ^Vff c` c

`UXbZ `ZVce WXY_VY`cZ[XY �XYV h ^U[WU ^V Wcff `ZVce WXY_VY`cZ[XY dbXYZ J }V][XY` cbV d\bZUVb
`\j_[n[_V_ [YZX �XYV` cWWXb_[Y] ZX ZUV aUc`V` abV`VYZ J mY VcWU Xd ZUV bV][XY` ZUVbV WcY jV Z^Xi
aUc`V Xb `[Y]fV aUc`V �X^ J �V ^ [ff c``\e V fXWcf ZUVbeX_lYce [W Vk\[f[jb[\e [Y VcWU Xd ZUV
^ [_V bV][XY` J TU[` e VcY` ZUcZ [Y ZUV Z^XiaUc`V �XYV` ZUV ZVeaVbcZ\bV [` _VZVbe [YV_ jl ZUV
acbZ[cf abV``\bV Xd ZUV `ZVce cY_ [` ][nVY jl cY Vea[b[Wcf bVfcZ[XY J qXYiVk\[f[jb[\e VwVWZ`
WcY X WW\b [Y ZUV ZbcY`[Z[XY �XYV` j VZ^VVY ZUV ^ [_V bV][XY` h j\Z cY V�af[W[Z e cZUVe cZ[Wcf
_V`Wb[aZ[XY Xd ZUV ZbcY`[Z[XY �XYV WcY jV cnX[_V_ [Y ZUV W\bbVYZ ZbVcZe VYZ J md c `\aVbUVcZV_
]c`VX\` e [�Z\bV ^VbV [Y� VWZV_ cZ ZUV j V][YY[Y] Xd ZUV UXZ �XYV h ZU[` j V][YY[Y] �XYV ^X\f_
jV Xd c `[Y]fV aUc`V bV][XY J TUV ZVeaVbcZ\bV [Y ZUV ZUV UXZ �XYV ^ [ff f[V j VfX^ ZUV [Y� VWZ[XY
ZVeaVbcZ\bV J TUV WXf_ �XYV ^ [ff j V cZ ZUV Xb[][Ycf bV`VbnX[b ZVeaVbcZ\bV J
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mY Z^XiaUc`V �X^ bV][XY` ZUV ]c`VX\` aUc`V WXY`[`Z` Xd Y[ZbX]VY cY_ `ZVce h ^UVbVc` ZUV
f[k\[_ aUc`V WXY`[`Z` XYfl Xd ^cZVb J TUV ]c`V` V�U[j[Z [_Vcf j VUcn[Xb J �XY`Vk\VYZfl ^V
_[`bV]cb_ cYl UVcZ Xd e [� [Y] VwVWZ j VZ^VVY ZUV ]c`V` cY_ c``\e V ZUcZ ZUV nXf\eV` Xd ZUV
]c`V` cbV c__[Z[nV h [ JV Jh ZUVbV [` YX nXf\e V WXYZbcWZ[XY VwVWZ \aXY e [� [Y] J �V _[`bV]cb_ cYl
_[``Xf\Z[XY Xd Y[ZbX]VY [Y ZUV ^cZVb J �V c``\e V ZUcZ ZUV n[`WX`[Zl Xd ZUV ]c`VX\` aUc`V [`
[Y_Va VY_VYZ Xd WXeaX`[Z[XY h j\Z ^V ZcgV ZUV ]c`VX\` aUc`V ZVeaVbcZ\bV _Va VY_VYWV [YZX
cWWX\YZ J TUV f[k\[_ ^cZVb n [`WX`[Zl _Va VY_` XYfl XY ZUV ZVeaVbcZ\bV cY_ ^V _V`Wb[j V [Z
jl c WXbbVfcZ[XY dXb a\bV ^cZVb n[`WX`[ZlJ mY ZUV Z^XiaUc`V bV][XY` ^V caafl vcbWl �` fc^
dXb e\fZ[aUc`V �X^ J �V \`V aX^Vb fc^ bVfcZ[nV a Vbe Vcj[f[Z[V` J �ca[ffcbl dXbWV` cbV []YXbV_ J
TUV _VY`[Zl Xd ^cZVb _Va VY_` XY ZVeaVbcZ\bV h j\Z [Z [` [Y_Va VY_VYZ Xd ZUV ZXZcf abV``\bV J
mY ZUV `[Y]fV aUc`V �XYV` XYfl ^cZVb �X^ ` J TUV ^cZVb Uc` ZUV `ce V abXa VbZ[V` c` _V`Wb[j V_

cjXnV dXb ZUV Z^XiaUc`V bV][XY J
| J| J �� � ��� ������  ����"���  ���"���� # TUV WXY`VbncZ[XY Xd e c`` Xd VcWU WXe i
aXYVYZ [Y VcWU aUc`V [` ][nVY jl ZUV dXffX^ [Y] Vk\cZ[XY` h ^U[WU V�abV`` f[k\[_ ^cZVb e c``
jcfcYWV h `ZVce ec`` jcfcYWV [Y ZUV ]c`VX\` aUc`V h cY_ Y[ZbX]VY ec`` WXY`VbncZ[XY [Y ZUV
]c`VX\` aUc`V p`VV dXb YXZcZ[XY y�{u �
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mY ZUV`V Vk\cZ[XY` �� [` ZUV ^cZVb `cZ\bcZ[XY h [ JV Jh ZUV dbcWZ[XY Xd ZUV a XbV` � ffV_ ^ [ZU
^cZVb cY_ �� [` ZUV ]c` `cZ\bcZ[XY J �\bZUVbe XbV � [` ZUV vcbWl nVfX W[Zl Xd ^cZVb h cY_
���� �� [` ZUV WXY_VY`cZ[XY bcZV J �V \`V 	�� ZX _VYXZV ZUV WXYWVYZbcZ[XY Xd `ZVce [Y ZUV
]c`VX\` aUc`V h [ JV Jh ZUV e c`` Xd `ZVce aVb \Y[Z nXf\eV J mY ZUV `ce V ^cl ^V _V�YV ZUV
WXYWVYZbcZ[XY Xd Y[ZbX]VY 	�� & �V cf`X _V�YV ZUV �X^ bcZV Xd `ZVce c` �� & TU[` �X^ bcZV
WXY`[`Z` Xd c WXYZb[j\Z[XY _\V ZX ZUV vcbWl nVfX W[Zl Xd ZUV ]c` � cY_ c WXYZb[j\Z[XY _\V
ZX _[w\`[XY J TUV �X^ bcZV Xd Y[ZbX]VY [` ][nVY c` �� h cY_ [Z cf`X WXY`[`Z` Xd c WXYZb[j\Z[XY
_\V ZX ZUV vcbWl nVfX W[Zl cY_ c WXYZb[j\Z[XY _\V ZX _[w\`[XY J TU[` _[w\`[XY WXYZb[j\Z[XY
[` []YXbV_ UVbV c` [Z ^ [ff j V d\bZUVb Vfcj XbcZV_ [Y cYXZUVb aca Vb J � VYWV [Z [` c``\eV_ ZUcZ
�� � �� � � [` ZUV nXf\e V cnVbc]V_ vcbWl nVfX W[ZlJ
| J| JIJ ����������  �! " ��#$������ % vcbWl �` fc^ Xd e\fZ[aUc`V �X^ bVfcZV` abV``\bV ]bc_[VYZ
[Y c �\[_ ^ [ZU [Z` vcbWl nVfX W[Zl py�{u �
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^UVbV ZUV ^cZVb cY_ ]c` e Xj[f[Z[V` cbV &� � %%(� )*� cY_ &� � %%(� )*� &
md Wca[ffcbl abV``\bV [` YV]fVWZV_ h ZUV abV``\bV _[wVbVYWV j VZ^VVY ' � cY_ ' � WcY jV []YXbV_ J

mY ZU[` Wc`V ZUV �X^ d\YWZ[XY` +� h +� _VYXZV ZUV dbcWZ[XYcf �X^ ` cY_ cbV _V�YV_ jl py�{u �
+� � &�

&� � &� cY_ +� � &�
&� � &� , p| J|u

ZU\` ZUV vcbWl nVfX W[Z[V` cbV
� � +� � � � +� � p| Jzu



��������	 �

300 310 320 330 340 350 360 370
0

0.2

0.4

0.6

0.8

1

 Temperature /K 

 fr
ac

tio
na

l v
ol

um
e 

(−
)

nitrogen 

steam 

� S�QN� � �� � �bcWZ[XYcf nXf\e V` Xd `ZVce � �� cY_ Y[ZbX]VY � �� c` d\YWZ[XY`
Xd ZVeaVbcZ\bV J TUV WXYnV� [Zl Xd ZUV W\bnV` [` `\WU ZUcZ WXY_VY`cZ[XY ^ [ff
X WW\b [Y `UXWg` bcZUVb ZUcY [Y bcbVdcWZ[XY` J

^UVbV
 � � � � p| J�u

[` ZUV ZXZcf vcbWl nVfX W[ZlJ �k` J p| JIu j VWXeV
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| J| J| J ���� ���� � ��� ������ �"  $�	� % q[ZbX]VY cY_ `ZVce [Y ZUV ]c`VX\` aUc`V cbV c``\eV_
ZX jVUcnV c` [_Vcf ]c`V` J mY acbZ[W\fcb ZUV e c`` _VY`[Z[V` Xd ZUV`V ]c`V` WcY j V ^ b[ZZVY c`
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� cbV ZUV eXfVW\fcb ^V[]UZ` Xd ^cZVb cY_ Y[ZbX]VY bV`a VWZ[nVfl cY_  [` ZUV
]c` WXY`ZcYZ J TUV Wca[Zcf � cY_ � c` `\j`Wb[aZ Xd 	 VeaUc`[�V ZUcZ ZUV`V cbV _VY`[Z[V` Xd
ZUV a\bV WXeaXYVYZ` J ~[YWV [Y [_Vcf ]c` j VUcn[Xb c``\eV_ [Y ZU[` ^Xbg h ZUVbV cbV YX nXf\e V
VwVWZ` _\V ZX e [� [Y] , `[e [fcbflh ZUV VYZUcfal WUcY]V` _\V ZX e [� [Y] Xd ZUV ]c` WXeaXYVYZ`
cbV �VbX J TUVbVdXbV ZUV nXf\eV` Xd ZUV WXeaXYVYZ` cbV c__[Z[nV �
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� `[Y] �k J p| J�u h ZUV WXYWVYZbcZ[XY Xd `ZVce 	�� cY_ Xd Y[ZbX]VY 	�� [Y ZUV e [�Z\bV WcY jV
V�abV``V_ [Y ZVbe ` Xd ZUV a\bV aUc`V _VY`[Z[V` 	�
 h 	�� c`

	�� � 	�
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TU[` Vk\cZ[XY WcY jV bV]cb_V_ c` _V�Y[Y] ZUV nXf\eV dbcWZ[XY` � �� cY_ � �� Xd `ZVce cY_
Y[ZbX]VY [Y ZUV ]c`VX\` aUc`V J p~VV � [] J | J| Ju TUV VYZ[bV Z^XiaUc`V ZUVbe X_lYce [W j VUcn[Xb
[` `a VW[�V_ jl ZUV Vk\[f[jb[\e WXY_[Z[XY jVZ^VVY ^cZVb cY_ `ZVce ][nVY jl �k J pr J�u cY_
ZUV _VY`[Z[V` 	�� h 	�� cbV WXea\ZV_ \`[Y] pr J�u J
r ff XZUVb abXa VbZ[V` bVfVncYZ ZX ZUV WXea\ZcZ[XY cbV `\eecb[�V_ [Y raaVY_[� r J

| Jz J ��  � !��  ����"���  ���"��� # TUV WXY`VbncZ[XY Xd VYZUcfal [` ][nVY c`
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TUV jc`[` Xd \`[Y] ZU[` Vk\cZ[XY WcY j V dX\Y_ [Y yz{ pac]V z|z h TcjfV I� J�i Ih �k J } u cY_ yI{
ac]V I�� h dXXZYXZVu J mZ \`V` ZUV c``\eaZ[XY p`VV `VWZ[XY | JIu ZUcZ c` ZX ZUV ZUVbe X_lYce [W
k\cYZ[Z[V` ZUV `l`ZVe [` cZ WXY`ZcYZ abV``\bV J �a`Wcf[Y] [``\V` bV]cb_[Y] ZUV Vk\cZ[XY` [Y
aXbX\` e V_[c WcY jV dX\Y_ [Y y|�{ J
TUV VYZUcfa[V` � cbV cff a Vb \Y[Z e c`` cY_ _VaVY_ XY ZVeaVbcZ\bV cY_ abV``\bV p`VV

raa VY_[� r u J TUV VYZUcfal Xd ^cZVb [Y ZUV ]c`VX\` aUc`V [` ��
 h cY_ �
 [` ZUV VYZUcfal Xd
^cZVb [Y ZUV f[k\[_ ck\VX\` aUc`V ^U[fV ��� [` ZUV VYZUcfal Xd Y[ZbX]VY [Y ZUV ]c`VX\` aUc`V J
mY �k\cZ[XY p| JIIu ZUVbe cf WXY_\WZ[n [Zl Uc` j VVY _[`bV]cb_V_ h c` ^V cbV [Y ZUV UlaVbj Xf[W
dbce V^Xbg J
	  � �!� � #� # TUV nXf\eV dbcWZ[XY` � �� � 	�� )	�
 cY_ � �� � 	�� )	�� c__ \a ZX XYV p`VV
�k\cZ[XY p| J�uu `X ZUcZ ZUV dX\b Vk\cZ[XY` p| J�u	 p| J�u h p| JIIu Wcbbl dX\b \YgYX^Y` h YceVflh
ZUV WXY_VY`cZ[XY bcZV ���� �� � ZUV ^cZVb `cZ\bcZ[XY �� � ZUV ZVeaVbcZ\bV � � cY_ ZUV ZXZcf
nVfX W[Zl  & �fVcbfl ^V UcnV �� � I � �� h cY_ 	�� � 	�� p� u h 	�� � 	�� p� u dXb c ][nVY ZXZcf
abV``\bV ' ��� J
| Jz JIJ 
 ��� ���� ��	 ������ ����� �" � ���# ������� � % mY �k J p| JIIuh ^V `af[Z ZUV VYZUcfal Xd
`ZVce ��
 [YZX c `VY`[jfV acbZ ���
 cY_ c fcZVYZ acbZ � Vncf\cZV_ cZ ZUV bVdVbVYWV ZVeaVbcZ\bV� � ��
 � ���
 � � & p| JI|u

�V `\j`Z[Z\ZV �k J p| JI|u [YZX �k J p| JIIu J TUV ZVbe ` ZUcZ WXYZc[Y ZUV dcWZXb � [Y ZUV
bV`\fZ[Y] Vk\cZ[XY cbV �
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^UVbV ^V UcnV \`V_ ZUV `ZVce jcfcYWV �k\cZ[XY p| J�u ZX XjZc[Y ZUV b[]UZ UcY_ `[_V Xd ZU[`
Vk\cZ[XY J � VYWV �k J p| JIIu WcY jV bV^ b[ZZVY c` ZUV �Ycf Vk\cZ[XY
�
� � �� ( � $���
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�� p��
 � � �� ��� � � �� �u � � ���� �� & p| JIzu

| Jz J| J �� � ���	�������� ���� ��$����� % TUV abVW[`V dXbe Xd ���� �� [` YXZ bVk\[bV_ [Y ZUV
Ula VbjXf[W dbce V^Xbg J mY ZU[` WXYZV�Z h [Z `\� WV` ZX gYX^ ZUcZ ZUV WXY_VY`cZ[XY bcZV ���� ��
[` c YXYYV]cZ[nV k\cYZ[Zl ZUcZ ncY[`UV` X\Z`[_V ZUV bV][XY `acYYV_ jl ZUV �� � J
TUV k\cYZ[Zl � [Y p| JIzu bVabV`VYZ` ZUV UVcZ bVk\[bV_ ZX XjZc[Y `ZVce cZ ZVeaVbcZ\bV

� dbXe f[k\[_ ^cZVb cZ bVdVbVYWV ZVeaVbcZ\bV � cY_ UVYWV [Z [` aX`[Z[nV j VfX^ ZUV Wb[Z[Wcf
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abV``\bV J mZ WcY jV `UX^Y ZUcZ dXb Z^XiaUc`V �X^ ZUV ZVeaVbcZ\bV [` WXY`ZcYZ abVW[`Vfl
^UVbV ���� �� � � [_VYZ[WcfflJ
| J� J ��  ���"���� �� "� ���  !����� �!��  ��!� # TUV Vk\cZ[XY` [Y UlaVbj Xf[W dbce Vi
^Xbg _[`bV]cb_ _[w\`[XY h Wca[ffcbl ZVbe ` h c` ^Vff c` UVcZ WXY_\WZ[n [ZlJ TUVl cbV caabXab[cZV
dXb ZUV `Z\_l Xd bcbVdcWZ[XY ^cnV` c` ^Vff c` dXb ZUV WXY_VY`cZ[XY cY_ `UX Wg ^cnV` dXb `UX Wg
^cnV` cY_ dXb WXY_VY`cZ[XY ^cnV` yz|{ J �bXe �k` J p| J�u	 p| J�u h ^V XjZc[Y
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^UVbV ^V UcnV [YZbX_\WV_ W\e\fcZ[nV WXY_VY`cZ[XY bcZV � p� � �u c`
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mY ZUV Ula VbjXf[W dbce V^Xbg h ZUV Vk\cZ[XY` dXb `ZVce cY_ c[b [Y� VWZ[XY cbV p| JI�u	 p| JI�u J
	  � �!� � #� # j�l ecY[a\fcZ[Y] �k J p| JI�ui p| JI�u cY_ p| JI�u h [Z WcY j V `UX^Y ZUcZ ZUV
ZUVbe cf nVfX W[Zl dXb �VbX ��� � �� [`
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mY ]VYVbcf dXb YXYi�VbX ��� � �� ZUV V�abV``[XY Xd &� � [` _ [wVbVYZ J �V ^ [ff �Y_ [Z \`Vd\ f ZX
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TUV }cYg[YVi�\]XY[XZ WXY_[Z[XY` cbV ZUV e cZUVecZ[Wcf V�abV``[XY` dXb c jcfcYWV Vk\cZ[XY

pV J] J e c`` jcfcYWV Xb VYVb]l jcfcYWVu cZ c `UXWg [ JV J a X`[Z[XY [Y `acWV ^UVbV ^V UcnV
c _[`WXYZ[Y\X\` WUcY]V Xd ncb[cjfV` p`VV �k J | JI� [Y bVdVbVYWV yz|{u J rY V�ceafV [` ZUV
`UX Wg [Y ZUV �\WgfVlitVnVbVZZ abXjfVe J TUV }cYg[YVi�\]XY[XZ WXY_[Z[XY` bVfcZV ZUV `ZcZV
\a`ZbVce cY_ _X^Y`ZbVce Xd cYl `UX Wg p[YWf\_[Y] ZUV `ZVce WXY_VY`cZ[XY dbXYZu ^ [ZU [Z`
`a VV_ J
z JIJ ��!�� ��"��� � � "� 	 ��� �� ��������" �����"���� # TUV �\]XY[XZ Vk\cZ[XY` cZ
ZUV `ZVce WXY_VY`cZ[XY dbXYZ cbV XjZc[YV_ dbXe �k` J p| JI�u	 p| JI�u J TUV nVfX W[Zl � �� � [` ZUV
nVfX W[Zl Xd ZUV `ZVce WXY_VY`cZ[XY dbXYZ J � VbV p� u _VYXZV` ZUV `ZcZV cZ b[]UZ p_X^Y`ZbVce u
Xd ZUV `UX Wg h ^U[fV p�u _VYXZV` ZUV `ZcZV cZ ZUV fVdZ pXb \a`ZbVce u J
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mY �k` J pz JIu cY_ pz J|u ^V UcnV \`V_ ZUV dcWZ ZUcZ �� � � jl ZUV _V�Y[Z[XY [Y �k J p| JI�u J
TUV �\]XY[XZ WXY_[Z[XY dXb ZUV VYVb]l [` _Vb[nV_ [Y ZUV `ce V ^cl dbXe �k J p| JI�u �
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TUV dX\b Vk\cZ[XY` pz JIuh pz J|uh pz Jzu cY_ pz J�u cbV cff f[YVcb [Y ZVbe ` Xd � ��� � � �� � &
TUVbVdXbV ^V WUXX`V ZUbVV Vk\cZ[XY` pZ^X caabXab[cZV WXej[YcZ[XY` Xd ZUV e c`` jcfcYWV
Vk\cZ[XY` cY_ ZUV VYVb]l Vk\cZ[XY u ZX XjZc[Y ZUV ncf\V` Xd � ��� � � �� � [Y ~VWZ[XY z J| J
TUVY [Y ~VWZ[XY z Jz JI ^V \`V ZUV bVe c[Y[Y] e c`` jcfcYWV Vk\cZ[XY c` c YXYif[YVcb Vk\cZ[XY
dXb � �� J
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� [ZUX\Z fX`` Xd ]VYVbcf[Zl [Z WcY j V c``\e V_ ZUcZ � �� h � ��� cbV �VbX cY_ � �� h � ��� cbV
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�
caabX� [e cZV` ZUV UVcZ bVk\[bV_ ZX WXYnVbZ f[k\[_ ^cZVb cZ ZVeaVbcZ\bV � ZX

`ZVce cZ ZUV `ce V ZVeaVbcZ\bV J mZ [` c a X`[Z[nV k\cYZ[Zl p`VV ZUV dXffX^ [Y] bVe cbgu J
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&� �� p�u � &� � p� u cY_ &� �� p� u � &� � p� u & � VbV &� � [` _V�YV_ c`

&� � p� u � f[e
� � �� ���

� �� � & pz J�u
	  � �!� � #� # ~Xe VZ[e V` [Z [` \`Vd\ f ZX WXY`[_Vb cff a X``[j fV `Xf\Z[XY` p� � � � �� � � u Xd ZUV
}cYg[YVi�\]XY[XZ WXY_[Z[XY` dXb c ��V_ fVdZ `ZcZV p� � � � �� � � u ^UVY ZUV `UXWg `a VV_ ncb[V` J
TU[` [` c XYV acbceVZVb dce [fl Xd aX[YZ` [Y ZUV ZVeaVbcZ\bVi`cZ\bcZ[XYinVfX W[Zl `acWV h ^U[WU
[` WcffV_ ZUV �\]XY[XZ W\bnV dXb p� � � � �� � � u & oYV Xd [Z` e c[Y dVcZ\bV` [` ZUcZ [Z _VZVbe [YV`
j VZ^VVY ^U[WU ^cnV` ZUV `UX Wg V� [`Z` J rYXZUVb dVcZ\bV [` ZUcZ [Z _VZVbe [YV` WXY_[Z[XY` dXb
^U[WU ZUV ]VYVb[W dVcZ\bV` Xd c `Xf\Z[XY WUcY]V` [ JV J ^UVY j[d\bWcZ[XY` XWW\b JyI�{ J
z J| J ��� �  �� �� � � "� � �����!� ��!��� � � �� � �� # r``\eV ZUcZ ^V cbV ][nVY ncf\V`
dXb � � � � �� cY_ � � J mY ZUV `Xf\Z[XY Xd ZUV Vk\cZ[XY` pz JIu h pz J|u h pz Jzu cY_ pz J�u dXb c `ZVce
WXY_VY`cZ[XY dbXYZ h ^V ^ [ff `UX^ ZUcZ ZUV `VWXY_cbl ncb[cjfV` � �� � h � h �� cbV _VZVbe [YV_
[Y_Va VY_VYZfl Xd ZUV ncf\V Xd � �� J TX _X `X h ^V _[n [_V Vk\cZ[XY` pz JIuh pz J|u cY_ pz Jzu jl � h
cY_ [YZbX_\WV

�� �� � �� $� �� �
� � 	� �� �

� � 	�� �� ��
� & pz J�u
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qXZV ZUcZ 	��� � � cZ ZUV YXbe cf j X[f[Y] ZVeaVbcZ\bV Xd ^cZVb J
v [n[_[Y] VcWU Xd ZUV bV`\fZ[Y] Vk\cZ[XY jl ZUV WXbbV`a XY_[Y] _VY`[Zl 	�
 cY_ WXYWVYZbci

Z[XY` 	��� h 	��� h ^V XjZc[Y �
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�V c__ Vk\cZ[XY` pz J�u cY_ pz JI�u h c` ^Vff c` pz J�u cY_ pz JIIuh XjZc[Y[Y] �
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�V `\aafVe VYZ ZUV Z^X f[YVcbfl [Y_Va VY_VYZ Vk\cZ[XY` cj XnV jl ZUV dXffX^ [Y] bV^ b[ZZVY
nVb`[XY Xd ZUV VYVb]l WXY`VbncZ[XY Vk\cZ[XY pz J�u J �V e\fZ[afl �k` J pz JIu h pz J|u h pz Jzu jl
ZUV[b bV`a VWZ[nV VYZUcfa[V` ��
 h ����
 h ���� h cY_ `\jZbcWZ dbXe �k J pz J�uh XjZc[Y[Y]

�� � ��
� 	� �� � � �� ��� � �� � ���

� pz JI�u
^UVbV ZUV UVcZ Xd Vnca XbcZ[XY �� cZ ZVeaVbcZ\bV � � [` _V�YV_ jl�� � � � ����
 � ��
 & pz JI�u
cY_ ^V cjjbVn[cZV_ ZUV VYZUcfal WXYZVYZ Xd ZUV e V_[\e �� � ��

�
h ZUV VYZUcfal �\� � � � ��

�c` dXffX^ ` �
�� � ��

�
�� p� �( � � �( u)$ � 	�
 p��
 � ��
 u� �� � �	��� p����
 � ����
 u � 	��� p���� � ���� u� � �� �

� � � ��
�

�� 	�
 p��
 � ��
 u+ �� � �	��� p����
 � ����
 u � 	��� p���� � ���� u� + �� & pz JI�u
�k` J pz JI|u h pz JIzu cY_ pz JI�u cbV c f[YVcb `l`ZVe [Y ZUbVV ncb[cjfV` 	� �� � h 	� h 	�� � ^ [ZU

WXV� W[VYZ` cY_ b[]UZ UcY_ `[_V ZUcZ _X YXZ _Va VY_ XY � �� & TUVbVdXbV ZUV`V ncb[cjfV` _X YXZ
_Va VY_ XY � �� &

	  � �!� � #� # oYV WXY`Vk\VYWV Xd ZUV WcfW\fcZ[XY [Y ZU[` ~VWZ[XY [` ZUcZ ^V WcY WXY`[_Vb � h
�� c` ab[e cbl ncb[cjfV` cY_ 	� �� � h 	� h 	�� c` `VWXY_cbl ncb[cjfV` J TUcZ [` h ^V `Z\_l ZUV
}cYg[YVi�\]XY[XZ bVfcZ[XY` dXb p� � � � �� u h p� � � � �� u [Y ZUV p� � �� u afcYV ^ [ZUX\Z ^Xbbl[Y]
cjX\Z ZUV `VWXY_cbl ncb[cjfV` , ZUV fcZZVb cbV WXea\ZV_ cZ ZUV VY_ Xd ZUV WcfW\fcZ[XY J
z Jz J ���� ���"��� �� ��"��� � � "� 	 ��� �� ��������" ���" � # �V cbV ][nVY ncf\V`
dXb � � � � �� cY_ � � J qX^ ^V `XfnV �k` J pz JI|uh pz JIzu cY_ pz JI�u c` c f[YVcb `l`ZVe [Y ZUV
ZUbVV ncb[cjfV` 	� �� � h 	� h 	�� & ~\jZbcWZ[Y] pz JI|u dbXe pz JIzu ^V XjZc[Y cdZVb bVXb_Vb[Y] �

�	���	��� � 	���
	��� � � �� 	� �� � � I
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�V \`V �k J pz JI�u ZX V�ZbcWZ 	�� cY_ `\j`Z[Z\ZV [Y Vk\cZ[XY pz JI�u XjZc[Y[Y]
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��� & pz JI�u

qXZ[WV ZUcZ dXb � � � � � ZUV WXV� W[VYZ Xd 	� �� � [` �VbX h `X ZUV `Xf\Z[XY _V`Wb[j V_ [Y ZU[`
~VWZ[XY z Jz [` XYfl ncf[_ dXb � � �� � � J mY raa VY_[� � ^V abXnV ZUcZ ZUV WX V� W[VYZ` Xd 	� �� �
[Y �k J pz JI�u cY_ pz JI�u cbV a X`[Z[nV [Y X\b Wc`V h ^UVbV � � � � � &
TUV WXV� W[VYZ Xd 	� �� � [Y �k J pz JI�u [` Vc`[fl `VVY ZX j V ZUV _VZVbe [YcYZ Xd ZUV `l`ZVe

pz JI|u	 pz JI�uJ md ZU[` WXV� W[VYZ [` c``\e V_ ZX jV YXYi�VbX h 	� �� � [` _VZVbe [YV_ J ~\j`Z[Z\Z[XY
[YZX pz JI�u abXn [_V` ZUV ncf\V Xd ��� J � [Ycffl ^V XjZc[Y dbXe �k J pz JIzu ZUV ncf\V Xd �� &
� UVbV ZUV WX V� W[VYZ Xd 	� �� � [` �VbX c j[d\bWcZ[XY ^ [ff X WW\b p[ JV J cZ � � � � � u J ~X c^cl
dbXe ZUV j[d\bWcZ[XY ZUV `l`ZVe WcY jV `XfnV_ \Y[k\VflJ

z Jz JIJ ����$ ������ �" � �� % �V UcnV dX\Y_ ZUV k\cYZ[Z[V` 	� �� � h 	� h 	�� & �V _[n [_V �k J pz J�u
jl 	� cY_ ^V bVcbbcY]V h XjZc[Y[Y] �

+� p� �� u � 	� �� �
	�

� �� � 	�
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& pz JI�u

TUV ]bcaU Xd ZUV b[]UZ UcY_ `[_V [` c `Zbc[]UZ f[YV [Y c � �� h + �� afXZ h ^U[WU Uc` cZ e X`Z ZUbVV
[YZVb`VWZ[XY` ^ [ZU ZUV ]bcaU Xd +� p� �� u J �cWU [YZVb`VWZ[XY Xd ZUV Z^X ]bcaU` [` c a X[YZ [Y ZUV
�\]XY[XZ W\bnV [Y ZUV p� � � � �� u afcYV J r ` � � ncb[V` VcWU [YZVb`VWZ[XY ]VYVbcZV` c acbZ Xd
ZUV �\]XY[XZ W\bnV J TcY]VYWl Xd ZUV Z^X ]bcaU` e cgV` Z^X acbZ` WXcfV`WV � ZUV Y\ejVb Xd
[YZVb`VWZ[XY` WUcY]V` jl Z^X h Xb[][YcZ[Y] c dXf_ [Y ZUV �\]XY[XZ W\bnV J
rZ ZUV VY_ Xd ZU[` abXWV_\bV h ^V UcnV WXeafVZV_ ZUV WcfW\fcZ[XY Xd ZUV k\cYZ[Z[V` 	� �� � h

	� h 	�� ^ [ZU aX``[j fl `VnVbcf ncf\V` Xd ZUV k\cYZ[Zl � �� h WXbbV`aXY_[Y] ZX c ][nVY ncf\V dXb
� � � � �� cY_ � � �� � � J md ^V afXZ cff ncf\V` Xd � �� dXb � � [Y ZUV bcY]V Xd ZVeaVbcZ\bV` Xd
[YZVbV`Z h ^V XjZc[Y ZUV YXYi[`XZUVbe cf jbcYWU Xd ZUV �\]XY[XZ W\bnV J
��ceafV` Xd YXYi[`XZUVbe cf �\]XY[XZ W\bnV` cbV `UX^Y [Y � [] J z JIJ

z Jz J| J ����� ��# �� ���$���� �" �� � ���� �� ��� $� ����� ��� ��# % � UVY ^V `\j`Z[Z\ZV � � � � �
[YZX �k J pz JI�u ^V XjZc[Y ZUV `[eafV Vk\cZ[XY �� ��� � � & TUVbVdXbV ��� � � J � VYWV ^V
XjZc[Y dbXe pz JIzu ZUcZ 	� � IJ ~VZZ[Y] � � � � � � [Y c__[Z[XY ZX ��� � � � 	� � I [Y �k` J
pz JIu h pz J|u h cY_ pz Jzu ^V XjZc[Y ZUV Vk\[ncfVYZ dXbe ` Xd ZUV }cYg[YVi�\]XY[XZ WXY_[Z[XY dXb
ZUV �\WgfVlitVnVbVZZ Vk\cZ[XY ^ [ZU YX WXY_VY`cZ[XY �

�� �� � � �� � 	�	
 � + �� � + �� � �� �� � � �� � 	�	
 � + �� � + �� & pz J|�u
TU[` Vk\cZ[XY `UX^ ` ZUcZ dXb � � � � � h cYl p� � � � � u f[V` [Y ZUV }� fX W\` Xd p� � � � �� u J

�Xb c ][nVY � �� h �k J pz J|�u d\bY[`UV` 	� 	
 J �V Wcff ZU [` ZUV [`XZUVbe cf Xb ��\WgfVlitVnVbVZZ�
jbcYWU Xd ZUV �\]XY[XZ W\bnV , Xjn [X\`flh [Z _XV` YXZ [YnXfnV WXY_VY`cZ[XY cY_ [Z WXYZc[Y`
p� � � � �� u J
	  � �!� � # # TUV `ZcZV p� � � � �� u [` cf`X WXYZc[YV_ [Y ZUV �\]XY[XZ jbcYWU ZUcZ _V`Wb[j V`
ZUV `ZVce WXY_VY`cZ[XY dbXYZ J r ` ^V `VV [Y � [] J z JI jl _bc^ [Y] ZUV [`XZUVbe cf jbcYWU c` c
nVbZ[Wcf f[YV ZUbX\]U VcWU aX[YZ p� � � � �� u h j V`[_V` [YZVb`VWZ[Y] cZ ZU[` a X[YZ ZUV`V Z^X jbcYWUV`
XdZVY [YZVb`VWZ cZ cYXZUVb XYV J mY V�ceafV` mim� [Y ZU[` �]\bV h ZUVbV cbV Z^X [YZVb`VWZ[XY` J
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� S�QN� � ��� �\]XY[XZ W\bnV` dXb p�u `ZcZV` p� � � � �� u h bVabV`VYZV_ jl `Xf[_ W[bi
WfV` ^ [ZU m � pz�� � � &|u h mm � pz�� � � &||u h mm m � pz�� &� � � &|��u h m� � pz�� � � &zzu h
� � pz�� � � &�|u h � m� pz�� � � &�u h � mm� pz�� � � &�u h � mm m� pz�� � � &�u J �V cf`X `UX^
ZUV WX[YW[_VYWV W\bnV p_c`UV_u J TUV _XZZV_ acbZ` cbV [Yc_e [``[j fV j VWc\`V
ZUVl WXbbV`aXY_ ZX VncaXbcZ[XY J TUV ZU[Y acbZ` cbV [Yc_e [``[jfV j VWc\`V ZUVl
n[XfcZV ZUV VYZbXal WXY_[Z[XY pz J|zuJ TUV ZU[Wg acbZ` cbV ZUV c_e [``[j fV p� u
`ZcZV` Xd ZUV `ZVce WXY_VY`cZ[XY dbXYZ J

z Jz Jz J �� � ���� ��	���� �$���% md ZUV [`XZUVbe cf cY_ ZUVbe cf �\]XY[XZ jbcYWUV` [YZVb`VWZ
Z^ [WV dXb c ][nVY ZVeaVbcZ\bV h ^V WcY WUcY]V ZUV p�u `cZ\bcZ[XY cY_ jb[Y] ZUV [YZVb`VWZ[XY
aX[YZ` ZX]VZUVb ^ [ZUX\Z WUcY][Y] ZUV ZVeaVbcZ\bV J TU[` [` `UX^Y [Y V�ceafV mmm Xd � [] J z JIJ
TUV `VZ Xd aX[YZ` ]VYVbcZV_ [Y ZU[` ^cl [` WcffV_ ZUV ���� ��	���� �$���h cf`X _[`afclV_ [Y ZU[`
�]\bV J
qXZ[WV ZUcZ ZUVbV [` YX WX[YW[_VYWV W\bnV dXb ZVeaVbcZ\bV` V�WVV_[Y] ZUV jX[f[Y] ZVeaVbci

Z\bV Xd ^cZVb cZ ZUV abVnc[f[Y] abV``\bV J TU[` [` `X j VWc\`V c` ZUV p�u ZVeaVbcZ\bV [YWbVc`V`
ZX ZUV jX[f[Y] ZVeaVbcZ\bV h ZUVbV ^ [ff j V XYfl XYV [YZVb`VWZ[XY dXb ZUV �\]XY[XZ jbcYWUV`
pZUV p�u `ZcZVu J ��ceafV` � i � mm m `UX^ XYfl XYV [YZVb`VWZ[XY dXb c nVbZ[Wcf f[YV ZUbX\]U
p� � � � �� u J

z J� J ��� ����� � ��!"� � � "� �������" ��!� # �Xb c ][nVY p� u `ZcZV h [Y ]VYVbcf YXZ cff
a X[YZ` [Y ZUV �\]XY[XZ W\bnV bVabV`VYZ cWZ\cf `UXWg` J �Xb [Y`ZcYWV [d WUcbcWZVb[`Z[W` Ve cYcZV
dbXe ZUV `UXWg bcZUVb ZUcY [ea[Y]V XY [Z J TU[` ^X\f_ dXb [Y`ZcYWV XWW\b [Y c �\WgfVli
tVnVbVZZ abXjfVe [d ^V ^X\f_ Zbl c `Xf\Z[XY WXY`[`Z[Y] Xd c bcbVdcWZ[XY h c WXY`ZcYZ `ZcZV h c
`UX Wg cY_ c WXY`ZcYZ `ZcZV c` XaaX`V_ ZX c bcbVdcWZ[XY h c `UX Wg cY_ c WXY`ZcYZ `ZcZV J mY
ZU[` Wc`V ^V WXY`[_Vb ZUV dXffX^ [Y] J � UVY � � � � � h ^V UcnV h cWWXb_[Y] ZX �k J pz J�u h ZUcZ
� �� � � &� � J �Xb [Y`ZcYWV h p� u `ZcZV` YVcb ZUV p� u `ZcZV `\WU ZUcZ � �� � � &� � p� u cbV ]XX_
caabX� [e cZ[XY` ZX `ZcZV` XY c bcbVdcWZ[XY W\bnV yI�{ J p�k\cZ[XY pz J�u _V�YV` &� � u J mY X\b
Wc`V h ZU [` bcbVdcWZ[XY W\bnV bVabV`VYZ` VncaXbcZ[XY bcZUVb ZUcY WXY_VY`cZ[XY ^cnV` h j VWc\`V
[Z Uc` ZVeaVbcZ\bV` � � V�WVV_[Y] � � h `VV ZUV _XZZV_ acbZ` Xd m h mm cY_ m� [Y � [] J z JIJ �Xb
ZU[` bVc`XY h ZUV acbZ Xd ZUV �\]XY[XZ W\bnV ^ [ZU � � � � � [` [Yc_e [``[jfV J
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TUV dXffX^ [Y] tc� VYZbXal WXY_[Z[XY e\`Z cf`X j V `cZ[`�V_ �
	� �� � � 	&	
 p� u � pz J| Iu

^UVbV 	&	
 p� u [` _V�YV_ jl

	&	
 p� u � � +�
��� p� � �� u & pz J||u

md ZUVbV cbV Z^X `Xf\Z[XY` `cZ[`dl [Y] ZUV �\]XY[XZ WXY_[Z[XY` pz JIu h pz J|u h pz Jzu h pz J� u h [Z
Z\bY` X\Z ZUcZ XYfl XYV Xd ZUVe `cZ[`�V` pz J|Iu J oYV WcY nVb[dl ZUcZ [Y X\b Wc`V ZUV XZUVb tc�
VYZbXal [YVk\cf[Zl WXY_[Z[XY dXb c_e [``[j [f[Zl [` n [XfcZV_ J qceVflh ZUV dXffX^ [Y] [` n [XfcZV_
`Xe VZ[e V` �

�� �� � � 	&	
 p� u & pz J|zu
z J� JIJ �� �#� ��� �" � �� ������ ��# �� � $� ����� �$���� % mY � [] J z JI ^V `UX^ �\]XY[XZ W\bnV`
dXb V[]UZ _[wVbVYZ p� u `ZcZV` p[Y_[WcZV_ jl `Xf[_ W[bWfV` Ju TUV �\]XY[XZ W\bnV` cbV YXZ _bc^Y
jVfX^ ZUV WXYYcZV ^cZVb `cZ\bcZ[XY �� � ��

�
jVWc\`V `\WU `ZcZV` cbV [YcWWV``[j fV \Y_Vb

YXbe cf �X^ J
� cYl YXYi[`XZUVbe cf �\]XY[XZ W\bnV` UcnV c " ��	 � ����h c a X[YZ ^UVbV ZUVl UcnV c nVbZ[Wcf

ZcY]VYZ [Y c p� � � u afcYV , XYV WcY `UX^ ZUcZ p� � � � �� u [` c dXf_ aX[YZ [d cY_ XYfl [d [Z j VfXY]`
ZX ZUV WX[YW[_VYWV W\bnV J

�a`ZbVce `ZcZV` [Y ZUV ZU[Y acbZ` Xd ZUV W\bnV UcnV ZUV c__[Z[XYcf abXa VbZl ZUcZ ZUV `ZVce
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WXe V` k\cf[ZcZ[nVfl _[wVbVYZ J � UVY c `Xf\Z[XY acZU WbX``V` ZUV `ce V `VZ Xd W\bnV` ZUV XnVbcff
k\cf[ZcZ[nV j VUcn [Xb ^ [ff j V `[e [fcb J TUVbVdXbV [Z [` [eaXbZcYZ ZX `Z\_l ZUV j[d\bWcZ[XY W\bnV` J
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� JIJ �� �������" ��!!� ! # mZ [` a X``[j fV ZX `UX^ ZUcZ ZUVbV [` cZ eX`Z XYV WXY_VY`cZ[XY
dbXYZ J � UVZUVb ZUVbV [` XYV Xb YXYV _Va VY_` XY ZUV [Y� VWZ[XY WXY_[Z[XY` J � UVY ZUVbV [` YX
WXY_VY`cZ[XY dbXYZ ZUV _X^Y`ZbVce f[k\[_ bV][XY [` `VacbcZV_ dbXe ZUV \a`ZbVce Z^XiaUc`V
bV][XY jl cY [`XZUVbe cf ^cnV h ZUV � �� ����� ��# �� 
 ���# ����� �� ��!� �� ��� _V`Wb[j V_ [Y
~VWZ[XY � J| J po\b \a`ZbVce WXY_[Z[XY` cbV cf^cl` Z^X aUc`V cY_ ^V cbV V�Wf\_[Y] VncaXbci
Z[XY J TU\` h YXYi[`XZUVbe cf WXY_[Z[XY` WXYZbc_[WZ ZUV cj`VYWV Xd c WXY_VY`cZ[XY dbXYZ J
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Z[XY dbXYZ J TU\` h ^UVY ZUVbV [` c WXY_VY`cZ[XY dbXYZ h [Z` _X^Y`ZbVce ZVeaVbcZ\bV [` ZUV
[Y[Z[cf ZVeaVbcZ\bV Xd ZUV bV`VbnX[b J TUV \a`ZbVce pfVdZu ZVeaVbcZ\bV � � [` ZUV [Y� VWZ[XY
ZVeaVbcZ\bV j VWc\`V ZUVbV [` YX WXY_VY`cZ[XY J
� JIJIJ � ��� ���� �� ��� ���� �" � � ���# ���	�������� " ����% mY ZUV abV`VYWV Xd c `ZVce WXYi
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bV][XY` `VacbcZV_ jl ZUV `ZVce WXY_VY`cZ[XY dbXYZ J TUV [`XZUVbe cf acbZ` WcY jV _V`Wb[j V_
V�cWZfl c` ZUV �\WgfVlitVnVbVZZ ZUVXbl Xd Z^XiaUc`V �X^ � ZUV `Xf\Z[XY` WXY`[`Z Xd WXY`ZcYZ
`ZcZV` h bcbVdcWZ[XY` cY_ `UXWg` J
tVZ \` WXY`[_Vb ZUV Wc`V ^UVY ZUV �� � `a VV_ [` `X fcb]V ZUcZ [Z Vk\cf` ZUV WXXf[Y] WXYi

ZcWZ _[`WXYZ[Y\[Zl `a VV_ J �V V�aVWZ ZU[` j[d\bWcZ[XY ZX bVabV`VYZ ZUV jX\Y_cbl j VZ^VVY
WXY�]\bcZ[XY` WXYZc[Y[Y] V[ZUVb �� � `UX Wg` Xb WXXf[Y] _[`WXYZ[Y\[Z[V` J �V ^ [ff `UX^ ZUcZ
ZUV bVe cbgcjfV `a VV_ Vk\cf[Z[V` p� JIu	 p� J|u UXf_ cfXY] ZU[` j[d\bWcZ[XY W\bnV J � VlXY_ ZU[`
j[d\bWcZ[XY W\bnV ZUV �� � [` cj`VYZ J
TU[` j[d\bWcZ[XY ^c` cfbVc_l `Z\_[V_ dXb ZUV Wc`V Xd a\bV `ZVce [Y� VWZ[XY [Y y�{ J
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� ��	 ��$������� % �V ^ [ff WXY`[_Vb `ZcZV` p�u cY_ p� u bVfcZV_ jl }� WXY_[Z[XY` dXb
^U[WU ZUV ZXZcf ce X\YZ Xd e c`` ZbcY`dVb cY_ Xd UVcZ ]VYVbcZV_ [` �VbX J �V `VZ ��� ZX �VbX [Y
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`Xf\Z[XY` ZUcZ WXYZc[Y c `ZVce WXY_VY`cZ[XY dbXYZ J
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ZVeaVbcZ\bV � � jXZU � �� cY_ � �� YVV_ ZX j V _VZVbe [YV_ ZX _V�YV ZUV `ZVce WXY_VY`cZ[XY
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XjZc[YV_ jl `\j`Z[Z\Z[Y] �k J pz J|�u [YZX pz JI�u h XjZc[Y[Y] cY V�af[W[Z dXbe\fc dXb � �� J mZ [`
Vc`l ZX nVb[dl ZUcZ ZU[` W\bnV cf^cl` [YZVb`VWZ` ZUV WX[YW[_VYWV W\bnV cZ p� � � � �� u J
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§� �������� ��� 	��
����

290 300 310 320 330 340 350 360 370
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Temperature T+ /K

w
at

er
 s

at
ur

at
io

n 
S w+

 

entropy curve 

Hugoniot curve 

(−)
1

c+r 

c+
r+

s 

SCF

E
1

I

B
1

Welge

� S�QN� � ��� �XY`Zb\WZ[XY Xd `Xf\Z[XY dXb [Y� VWZ[XY WXY_[Z[XY` � � �
p� � � � �� u � pz�� � � ��

�
u J TUV \a`ZbVce pfVdZu �\WgfVlitVnVbVZZ acbZ Xd ZUV `Xi

f\Z[XY [` _bc^Y jVZ^VVY ZUV [Y� VWZ[XY a X[YZ cY_ cY_ WXY`[`Z` Xd c bcbVdcWZ[XY
acbZ \YZ[f ZUV `ZVce WXY_VY`cZ[XY dbXYZ [` bVcWUV_ J pmd ZUV [Y� VWZ[XY `cZ\bcZ[XY
[` cjXnV ZUV WXYYcZV ^cZVb `cZ\bcZ[XY c WXY`ZcYZ `ZcZV abVWV_V` ZUV bcbVdcWZ[XY
acbZ Ju �bXe � � ZX � � Xd ZUV �\]XY[XZ W\bnV ZUVbV [` c `UXWg cf`X WcffV_ ZUV
`ZVce WXY_VY`cZ[XY dbXYZ J � [Ycffl ZUV W\bnV dXffX^ ` ZUV _X^Y`ZbVce �\WgfVli
tVnVbVZZ acbZ dbXe ZX ZUV [Y[Z[cf WXY_[Z[XY � � p� �� � � � �� �� u � pzz� &I � I &�uJ TUV
XZUVb f[YV` cbV _[`W\``V_ [Y ZUV ZV�Z J

	  � �!�  #� # �k\cZ[Y] � �� � dbXe ZUV Z^X Vk\cZ[XY` p� JIu h p� Jzu ^V `VV ZUcZ cfXY] ZUV
�\]XY[XZ jcbb[Vb ZUV dXffX^ [Y] Vk\cf[Zl UXf_` �

�
� � � ��

+ ��
+ ��
� �� &

� J 
 S���LL �O�QMSOL ON �L SLSM S���� ��M�N���MQN�M�P RON�
	  � �!� � #� # � [ZU ��V_ � � h c` � �� _VWbVc`V` ZX �VbX h 	� �� � [YWbVc`V` ZX ZUV `a VV_ Xd ZUV
ZUVbe cf ^cnV [Y ZUV a\bV f[k\[_ h 	&� � , ZU[` dcWZ dXffX^ ` dbXe ZUV WXYnV� [Zl Xd 	�� p� u J mZ [`
\`Vd\ f dXb ZUV � b`Z h `VWXY_ h cY_ ZU[b_ Wc`V` J

� JI J � �!�" ��� # �V Wfc[e ZUcZ dXb nVbl fX^ ^cZVb `cZ\bcZ[XY cZ ZUV [Y� VWZ[XY aX[YZ h ^V UcnV �
�� �� � � 	&	
 p� u & p� JIu

pTU[` dXffX^ ` dbXe ZUV dcWZ ZUcZ cZ � �� � ��
�
h ^V UcnV 	&	
 p� u � � ��

� ��
p��

�
u � � h ^U[fV

	� �� � � �u J �k J p� JIu dXb ZUV [Y� VWZ[XY `cZ\bcZ[XY _V�YV` ZUV � b`Z Wc`V J TUV [Y[Z[cf WXY_[Z[XY
_VYXZV_ c` � [Y � []\bV p� JIu h ^U[WU _V�YV` ZUV [Y [Z[cf `cZ\bcZ[XY �� � I cY_ ZUV [Y[Z[cf
ZVeaVbcZ\bV � �� � p[Y X\b V�ceafV ^V WUXX`V � �� � � zz� &I� u J mZ WcY j V `UX^Y ZUcZ ZUV
_X^Y`ZbVce pb[]UZu `UXWg ZVeaVbcZ\bV � � � � �� � &

� [b`Z ^V _bc^ ZUV VYZbXal W\bnV c``XW[cZV_ ^ [ZU ZUV ][nVY [Y� VWZ[XY ZVeaVbcZ\bV � ���
pUVbV � ��� � z�� � u J mZ Uc` j VVY `UX^Y cjXnV ZUcZ � ��� � � � � ZUV \a`ZbVce pfVdZu `UX Wg
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ZVeaVbcZ\bV J qX^ ^V ^cYZ ZX _VZVbe [YV ZUV `cZ\bcZ[XY Xd ZUV \a`ZbVce pfVdZu `UX Wg `ZcZV
p�u� J �V _bc^ c nVbZ[Wcf f[YV ZUbX\]U � & TUV [YZVb`VWZ[XY Xd ZU[` f[YV ^ [ZU ZUV VYZbXal W\bnV
_VZVbe [YV` ZUV `cZ\bcZ[XY � �� & r UXb[�XYZcf f[YV ZbcY`aXbZ` ZU[` `cZ\bcZ[XY ncf\V ZX _VZVbe [YV
ZUV `ZcZV p�u� � p� � � � �� u J mY X\b V�ceafV p� � � � �� u � pz�� � � &|u J TUV � b`Z Wc`V bVk\[bV` ZUcZ
ZUV [Y� VWZ[XY `cZ\bcZ[XY `cZ[`�V` � ���� � � �� & mY_VV_ � �� `cZ[`�V` cff �\]XY[XZ WXY_[Z[XY` cY_
ZUV VYZbXal ZcY]VYWl WXY_[Z[XY p� J�u J TUV �\]XY[XZ W\bnV `ZcbZ[Y] cZ `ZcZV p� u� [YZVb`VWZ`
ZUV nVbZ[Wcf f[YV cZ ZUV `ZcZV � � & �a`ZbVce Xd a X[YZ p�u� ^V UcnV [`XZUVbe cf WXY_[Z[XY` cY_
^V WcY caafl ZUV Wfc``[Wcf �\WgfVlitVnVbVZZ ZUVXblJ
TUV `Xf\Z[XY p`VV � []\bV � JIu [` c ^cnV `Vk\VYWV WXY`[`Z[Y] Xd c WXY`ZcYZ `ZcZV h c bcbVdcWZ[XY

acbZ cZ � ��� cY_ `\j`Vk\VYZfl ZUV `ZVce WXY_VY`cZ[XY dbXYZ J vX^Y`ZbVce Xd ZUV `ZVce WXYi
_VY`cZ[XY dbXYZ ZUVbV ^ [ff j V ZUV WXY`ZcYZ `ZcZV � � h dXffX^V_ jl c �\WgfVlitVnVbVZZ bcbVdcWZ[XY
cY_ `UXWg \a ZX ZUV `ZcZV � J r ff Xd ZU[` [` [Y_[WcZV_ jl ZUV acZU � � ��(�� p�u� � � ��� � � ��(� ��� � &
md ZUV [Y� VWZ[XY `cZ\bcZ[XY [` Vk\cf ZX ZUV WXYYcZV ^cZVb `cZ\bcZ[XY ZUV acZU � � � p� u� Uc`
YX WXY`ZcYZ `ZcZV J
vX^Y`ZbVce Xd ZUV ~�� h [ JV Jh [Y � � ��

(� ��� � ZUVbV [` c WXY`ZcYZ `ZcZV dXffX^V_ jl c �\WgfVli
tVnVbVZZ bcbVdcWZ[XY ^cnV \YZ[f ^V cZZc[Y ZUV ���	 ����� ��# �� ����!���� �� ��� ����!� ^ [ZU
`a VV_

� ���� �  �
$

�+�
�� �

� �

� �� ���� �  �
�

�+�
�� �

� �

� p� J|u

ZX ZUV [Y[Z[cf `ZcZV ^UVbV ZUV ]c` `cZ\bcZ[XY ]XV` ZX �VbX J TU[` W[]^ `UX Wg caaVcb` [Y Wc`V`
XYV ZX ZUbVV J
TUV `VacbcZ[XY j VZ^VVY ZUV � b`Z cY_ `VWXY_ Wc`V` [` ZUV WX[YW[_VYWV fX W\` _V`Wb[j V_ [Y

~VWZ[XY � J| JIJ
� J| J � ���� ��� # TUV ^cZVb `cZ\bcZ[XY cZ ZUV [Y� VWZ[XY aX[YZ [` U []U VYX\]U `X ZUcZ ZUV
nVfX W[Zl Xd ZUV `ZVce WXY_VY`cZ[XY dbXYZ `cZ[`�V` ZUV dXffX^ [Y] [YVk\cf[Z[V` dXb 	�
 � 
�� _V�YV_
[Y �k\cZ[XY p� J�u

	�

 � 
�� � 	� �� � � 	&	
 p� u & p� Jzu

� []\bV � J| `UX^ ` c Y\ejVb Xd Wc`V` ZUcZ _[wVb [Y ZUV fVdZ `ZcZV XYfl c` ZX ZUV [Y� VWZ[XY
`cZ\bcZ[XY J mY cff Xd ZUV`V Wc`V` ZUVbV [` c WXY`ZcYZ `ZcZV dbXe ZUV [Y� VWZ[XY WXY_[Z[XY [Y_[WcZV_
jl � ZX ZUV fVdZ aX[YZ p�u p� \`Z \a`ZbVce u Xd ZUV `ZVce WXY_VY`cZ[XY dbXYZ J pod WX\b`V h �
cY_ p�u WX[YW[_V Ju mY �c`V | h ZUV fVdZ `ZcZV p�u� f[V` j VfX^ ZUV VYZbXal W\bnV J pTU[` e VcY`
ZUcZ acbZ Xd ZUV �\]XY[XZ W\bnV _XV` YXZ bVabV`VYZ c_e [``[j fV `Xf\Z[XY` cY_ UVYWV [Z [`
bVabV`VYZV_ jl c ZU[Y f[YVu J �Xb �c`V | ZUV `Xf\Z[XY acZU pXb ^cnV `Vk\VYWVu Zla[Wcffl [`
� � ��� p�u� � � ��� p� u� ��(� ��� � J �c`V | WXeab[`V` cff `Xf\Z[XY` ^ [ZU �\]XY[XZ W\bnV` `\WU c` ZUV
XYV` j VfXY][Y] ZX � � h `ZcbZ[Y] j VfX^ ZUV WX[YW[_VYWV W\bnV h cY_ ZX � � h `ZcbZ[Y] cj XnV ZUV
WX[YW[_VYWV W\bnV J r ff `Xf\Z[XY` dXb ZU[` Wc`V h ^U[WU _X YXZ [YZVb`VWZ ZUV ���� � W\bnV ZX ZUV
b[]UZ Xd ZUV nVbZ[Wcf `Zbc[]UZ f[YV h dXffX^ ZUV `ce V acZZVbY J
TUV`V `Xf\Z[XY` UcnV c WXY`ZcYZ `ZcZV � ��� p�u h ZUV `ZVce WXY_VY`cZ[XY dbXYZ p� u � � ���

p� u h c WXY`ZcYZ `ZcZV h c bcbVdcWZ[XY cY_ c `UX Wg ZX ZUV [Y[Z[cf `ZcZV � h p� u ��(� ��� � J
TUV `VWXY_ cY_ ZU[b_ Wc`V` cbV `VacbcZV_ jl ZUV �Vf]V W\bnV _V`Wb[j V_ [Y ~VWZ[XY � J| J| J

� Jz J ���!� ��� # � []\bV � J| `UX^ ` cf`X ZUV Wc`V ^ [ZU �\]XY[XZ W\bnV` h `\WU c` ZUV XYV
jVfXY][Y] ZX � � � ZUcZ _X [YZVb`VWZ ZUV ���� � W\bnV fVdZ Xd � cY_ ZX ZUV b[]UZ Xd ZUV nVbZ[Wcf
`Zbc[]UZ f[YV J � VWc\`V ^V WbX``V_ ZUV ���� � W\bnV c j[d\bWcZ[XY Uc` XWW\bbV_ J mY_VV_ dXb
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� S�QN� � �� � �XY`Zb\WZ[XY Xd `Xf\Z[XY dXb [Y� VWZ[XY WXY_[Z[XY` � � �
p� � � � �� u � pz�� � � &|�uh � � � p� � � � �� u � pz�� � � &�uh � � � p� � � � �� u �
pz�� � � &��u bVabV`VYZV_ jl `Xf[_ W[bWfV` J TUVbV [` c WXY`ZcYZ `ZcZV j VZ^VVY ZUV
[Y� VWZ[XY WXY_[Z[XY cY_ ZUV fVdZ `ZcZV Xd ZUV `ZVce WXY_VY`cZ[XY dbXYZ p�� � u
_VYXZV_ jl p� u� J TUV �� � [` dbXe p� u� ZX p� u� h [ JV J ZUV b[]UZ `ZcZV Xd ZUV
�� � J �Xb ZUV [Y [Z[cf WXY_[Z[XY � ZUVbV dXffX^ ` c WXY`ZcYZ `ZcZV h c bcbVdcWZ[XY
cY_ c `UX Wg J

p� u�� � ZUV bcbVdcWZ[XY _[`caaVcbV_ c` WcY jV Vc`[fl nVb[�V_ dbXe c Wfc``[Wcf �\WgfVlitVnVbVZZ
WXY`Zb\WZ[XY \`[Y] dbcWZ[XYcf �X^ W\bnV` J TUV WXeafVZV ^cnV `Vk\VYWV [` c WXY`ZcYZ `ZcZV
� ��� p�u h ZUVY ZUV `ZVce WXY_VY`cZ[XY dbXYZ p� u �� ��� p� u h c WXY`ZcYZ `ZcZV cY_ �Ycffl c
`UX Wg ZX ZUV [Y[Z[cf WXY_[Z[XY � h p� u �� ��� � J

� []\bV � Jz `UX^ ` Z^X V�ceafV` Xd [Y� VWZ[XY` cf`X bVabV`VYZcZ[nV Xd �c`V z h ^ [ZU nVbl U[]U
^cZVb `cZ\bcZ[XY` ^ [ZU `Xf\Z[XY` `ZcbZ[Y] cZ � � �� � J TUV ���� � W\bnV [` YXZ n[`[j fV j Vi
Wc\`V [Z [` ^Vff j VfX^ �� � � &�� & TUV `Xf\Z[XY acZU dXb [Y� VWZ[XY WXY_[Z[XY` � � [` ][nVY jl
� � ��� p� u� �� ��� p� u� �� ��� � & mZ [` cYcfX]X\` dXb � � J
TUV ZU[b_ cY_ dX\bZU Wc`V` cbV `VacbcZV_ jl ZUV �\]XY[XZ jcbb[Vb _V`Wb[j V_ [Y ~VWZ[XY � JIJ

� J� J ���!"� ��� # TUV ^cZVb `cZ\bcZ[XY cZ ZUV [Y� VWZ[XY a X[YZ [` `X U[]U ZUcZ cZ ZUV [Y� VWZ[XY
ZVeaVbcZ\bV ZUV [`XZUVbe cf ]c`i^cZVb pU[]^ u `UXWg `a VV_ `cZ[`�V`

�� ���� p� u � �&� � p� u & p� J�u
md ZUV [YVk\cf[Zl p� J� u [` `cZ[`�V_ ^V ^ [ff UcnV YX `ZVce WXY_VY`[Y] cZ ZUV dbXYZ ^UVbV ZUV
ZVeaVbcZ\bV [` bV_\WV_ J mY`ZVc_ ^V UcnV c U[]^ `UXWg dXffX^V_ jl c WXXf[Y] _[`WXYZ[Y\[Zl
c` ][nVY jl �k J p� J�u J � VZ^VVY ZUV [Y� VWZ[XY a X[YZ cY_ ZUV dbXYZ ^UVbV ZUV ZVeaVbcZ\bV [`
bV_\WV_ YX^ ZUVbV [` c UXZ Z^X aUc`V �XYV cY_ c UXZ `[Y]fV aUc`V �XYV J
rY V�ceafV Xd ZUV dX\bZU Wc`V [` ZUV `Xf\Z[XY ^ [ZU [Y[Z[cf WXY_[Z[XY � � [` XY ZUV XZUVb

`[_V Xd ZUV �\]XY[XZ jcbb[Vb W\bnV J p~VV � []\bV � Jz Ju TU[` e VcY` ZUcZ ZUV �\WgfVlitVnVbVZZ
]c`i^cZVb `UX Wg [` `fX^Vb ZUcY ZUV `a VV_ Xd c ZVeaVbcZ\bV ^cnV Wcbb[V_ jl a\bV f[k\[_ ^cZVb
`X ZUVbV [` YX `ZVce WXY_VY`cZ[XY dbXYZ J TUV `Xf\Z[XY acZU [` � � ��� p� u� ��� pu �

����� � J
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� S�QN� � �� � �XY`Zb\WZ[XY Xd `Xf\Z[XY dXb [Y� VWZ[XY WXY_[Z[XY` � � �
p� � � � �� u � pz�� � � &���uh � � � p� � � � �� u � pz�� � � &��uh � � � p� � � � �� u �
pz�� � � &���uJ TUV W\bnV` � � �� � `ZcbZ cY_ bVe c[Y jVfX^ ZUV ������� W\bnV J �Xb
� � �� � ZUVbV cbV c WXY`ZcYZ `ZcZV h ZUV `ZVce WXY_VY`cZ[XY dbXYZ h c WXY`ZcYZ
`ZcZV cY_ c `UXWg ZX m J �Xb � � ^V UcnV c WXY`ZcYZ `ZcZV h c UXZ [`XZUVbe cf ]c`
^cZVb `UXWg cY_ c ZUVbe cf WXYZcWZ _[`WXYZ[Y\[Zl ZX m J

mY ZU[` Wc`V ZUVbV ^ [ff j V c `UXWg dbXe p�u� dXffX^ [Y] ZUV nVbZ[Wcf cbbX^ cf`X WcffV_ ZUV � ��
����� ��# �� ����!���� `UXWg cY_ c UXb[�XYZcf cbbX^ bVabV`VYZ[Y] ZUV WXXf[Y] _[`WXYZ[Y\[ZlJ

� J �OLR�Q�SOL�
IJ r eVZUX_ [` abV`VYZV_ ^ [ZU ^U[WU cff k\cf[ZcZ[nVfl _[wVbVYZ `Xf\Z[XY` WcY jV dX\Y_ J r

j[d\bWcZ[XY h [ JV J c k\cf[ZcZ[nVfl _[wVbVYZ `Xf\Z[XY h WcY XWW\b ^UVY ZUV `Xf\Z[XY WbX``V`
j[d\bWcZ[XY fX W[ p^UVbV ^cnV nVfX W[Z[V` j VWXeV Vk\cfu J

| J �Xb cY [Y[Z[cf `ZcZV ^UVbV ZUV aXbX\` e V_[\e [` d\ ffl `cZ\bcZV_ ^ [ZU ^cZVb dX\b _[wVbVYZ
Zla V` Xd `Xf\Z[XY` cbV dX\Y_ h _Va VY_[Y] XY ZUV [Y� VWZ[XY WXY_[Z[XY` J TU[` ]VYVbcf acZZVbY
[` [Y_Va VY_VYZ Xd bVcf[`Z[W ncb[cZ[XY` Xd ZUV aUl`[Wcf k\cYZ[Z[V` J

z J TUbVV Xd ZUV`V `Xf\Z[XY` WXYZc[Y c WXf_ ]c`VX\` �XYV _X^Y`ZbVce Xd ZUV `ZVce WXYi
_VY`cZ[XY dbXYZ J ~\WU c �XYV [` WXY`[_VbV_ c abVbVk\[`[ZV dXb ZUV cnX[_[Y] _X^Y^cb_
eXnVe VYZ Xd ZUV a Xff\ZcYZ` pvqrst �`u J

� J TUV dX\bZU `Xf\Z[XY h dXb ^U[WU ZUV ]c` `cZ\bcZ[XY _[`caaVcb` \a`ZbVce Xd ZUV ZVeaVbi
cZ\bV ^cnV h XYfl XWW\b` dXb [eabcWZ[Wcf [Y� VWZ[XY WXY_[Z[XY` J � XbVXnVb h ZUV abV`VYWV
Xd [Y� VWZV_ Y[ZbX]VY ]bVcZfl bV_\WV` ZUV bV][XY [Y aUc`V `acWV ^UVbV ZUVbV [` YX `ZVce
WXY_VY`cZ[XY dbXYZ J TU[` bV][XY WXbbV`a XY_` ZX fV`` ZUcY � J� I Y[ZbX]VY `cZ\bcZ[XY h c`
`UX^Y [Y � [] J � Jz J

� ����� � ���  �"� � TU[` ^Xbg ^c` acbZ[cffl _XYV cZ m�r h �Y[nVb`[Zl Xd � [YYV`XZc h cY_
ZUVbVdXbV acbZ[cffl d\Y_V_ jl q~� J �V cf`X ZUcYg � VcZc �\Y_VfcWU dXb WcbVd\ f cY_ V�aVbZ
Zla V`VZZ[Y] Xd ZU[` aca Vb J
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