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2. Science Opportunities

>?%&7@$+*K#.@%$S&.<$#,*@S&*1"&1%*+&#1B+*+%"&YTU;6MZ&+%L#.1/&.B&$?%&%@%,$+.0*L1%$#,
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Q1.R@%"L%& .B& /$*+& B.+0*$#.1& *1"& %K.@7$#.1S& .B& $?%& L+.R$?& .B& /$+7,$7+%& #1& $?%

71#K%+/%S&.B&$?%&<?(/#,/&.B&\%$&<?%1.0%1*&.1&0*1(&/,*@%/S&.B&$?%&1*$7+%&.B&*,$#K%

L*@*,$#,& 17,@%#& *1"& /7<%+0*//#K%& '@*,Q& ?.@%/S& .B& *7+.+*& .1& *1"& *$0./<?%+#,

,.0<./#$#.1&.B& $?%& L*/& L#*1$& <@*1%$/S& *1"&.B& $?%&<?(/#,/& .B& <+.$.<@*1%$*+(& "#/Q/

?*/&%#$?%+&'%%1&L@%*1%"&.+&L+%*$@(&%E<*1"%"&$?+.7L?&TU;6M&.'/%+K*$#.1/5

J%& /700*+#b%& ?%+%& $?%& ,.0<%@@#1L

*1"& '+.*"& /,#%1,%S& <+%/%1$%"& *$& $?%

^d%(.1"&XJ:>`&R.+Q/?.<S&$?*$&,*1&'%

".1%& R#$?& B7$7+%& TU;6M& /<*,%

*/$+.1.0(& 0#//#.1/& #1& $?%& 1%E$& 9=

(%*+/5& )./$& .B& $?%/%& */$+.1.0#,*@

#1K%/$#L*$#.1/&+%N7#+%&0*\.+&#1,+%*/%/

#1& *1L7@*+& +%/.@7$#.1S& #0*L%& ,.1$+*/$

+*$#.S& *1"[.+& /%1/#$#K#$(& .K%+& $?./%

%E<%,$%"& B+.0& %E#/$#1L& .+& <@*11%"

B*,#@#$#%/& #1& $?%& H54& $.& 95=& 0#,+.1

R*K%@%1L$?&+*1L%5

CaII H & K

FUV: 90 - 120 nm

NUV: 120 - 300 nm

Optical: 300 - 1000 nm

3-").+4"')+5)67)%."1&'08)($0#2+%&$1%)$%)%-+42

$2)&-$%)($0#'09):;)<"&-)!"(5$"8(=)>2)&-")%&?(;
+5)&-")8+108)$2&"'%&"880')9"($?9)@A><BC)088):?&
&4+)+5)&-"),";)($0#2+%&$1)8$2"%)0'")$2)&-")67=
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2.1 The Solar System

!E<@.+*$#.1& .B& .7+& :.@*+& :(/$%0& #/& #1& *& D.@"%1& IL%5& -@*1%$*+(& .+'#$%+/S& B@(V'(/S& *1"

@*1"%+/& ?*K%& '+.7L?$& /<%,$*,7@*+& *1"& ?#/$.+#,& "#/,.K%+#%/5& d7$& $?%+%& #/& /$#@@& *& @.$& $.

@%*+13
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JcI>&6:&>c!&c6:>;Mf&;]&C6]!&6W&>c!&:;CIM&:f:>!)_

;7+&:.@*+&:(/$%0&<+.K#"%/&0*1(&^@*'.+*$.+#%/`&R?%+%&R%&,*1&/%*+,?&B.+&$?%&*1/R%+/

$.&$?%/%&N7%/$#.1/&#1&71<+%,%"%1$%"&"%$*#@5

!"#$%&'($ )*$ +,-."#-/0$ 1'2".'"$ /",2"1$ ).$ /"%)#"$ 1".12.3$42#($ #","1')+"1

).5$ -.6$ 2.$ )/72#$ -7)&#5$ #("$ 8-/#(9$ :(21$ 42,,$ ').#2.&"$ #)$ 7"$ #/&"$ 2.$ #("

')%2.3$6"'-6"19
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Representative Observations:
Understanding Planetary Atmospheres

!TM;-I3& I7+.+*@& %0#//#.1/& B+.0& !7+.<*g/& $%17.7/& ;9

*$0./<?%+%& R%+%& B#+/$& "%$%,$%"& '(& c:>& #1& $?%& T@$+*K#.@%$

Y4G=5A&10Z&R#$?&@#0#$%"&:[W&*1"&/<*$#*@&+%/.@7$#.1&Yc*@@&%$&*@5

4PP=Z5& 6$/& ?%$%+.L%1%.7/& "#/$+#'7$#.1& /7LL%/$/& *& ,.0<@%E

*$0./<?%+%5&e.%/& !1,%@*"7/V@#Q%& K%1$#1L& ,.1$+#'7$%& $.& $?%

<%,7@#*+& /<*$#*@& "#/$+#'7$#.1_& :#0#@*+& .+& '%$$%+& .'/%+K*$#.1/

R#@@& <+.K#"%& K*@7*'@%& /7<<.+$& B.+& $?%&WI:I&!7+.<*&)#//#.1

#1&$?%&9H9H/&'(&*//#/$#1L&#1&$?%&/%*+,?&B.+&%1".L%1#,&*,$#K#$(5

-CT>;3&2c8S&W9S&*1"&2;&*+%&,7++%1$@(&"%$%,$%"&.+&#1B%++%"&#1

-@7$.g/& $?#1& *$0./<?%+%5&)."%@/& <+%"#,$& 28c9S& 2Ac9S& c2GWS

*1"& 28W5& >?%#+& *'71"*1,%/& /$+.1L@(& ,.1/$+*#1

<?.$.,?%0#,*@& <+.,%//%/5& d7$& $?%/%& /<%,#%/& R#@@& 1.$& '%

"%$%,$*'@%&'(&$?%&W%R&c.+#b.1/&/<*,%,+*B$5&>?%&<+%/%1,%&.B

$?%/%& 0.@%,7@%/& #1& -@7$.g/& $%17.7/& *$0./<?%+%& *+%

"%$%,$*'@%& R#$?& *& /<%,$+.L+*<?& ,*<*'@%& .B& /%1/#$#K%

.'/%+K*$#.1/&#1&$?%&0#"VTU5&c:>&/%1/#$#K#$(&#/&0*+L#1*@5

6;3& 6.& ?*/& *& ,.0<@%E& *1"& K*+#*'@%& :;9& *$0./<?%+%5& 6$& #/

.'/%+K*'@%& K#*& /$+.1L& *'/.+<$#.1/& #1&0#"VTU& *1"& C(V*@<?*S

*1"&%0#//#.1&B%*$7+%/&#1&]TU5&:<*$#*@@(V+%/.@K%"&0*<<#1L&.B

$?%& B7@@& "#/Q& *$& 07@$#<@%& %<.,?/& #/& <.//#'@%& '7$& c:>g/

/%1/#$#K#$(& #/& 0*+L#1*@S& 0*Q#1L& #$& #1%BB#,#%1$5& 60<+.K%"& TU

/%1/#$#K#$(& R#@@& L+%*$@(& #0<+.K%& .7+& 71"%+/$*1"#1L& .B& 6.g/

,.0<@%E&#1$%+*,$#.1&R#$?&$?%&X.K#*1&0*L1%$./<?%+%5

D6IW>& -CIW!>& ITM;MI!3& 2.0'#1%"& c:>& *1"& 2*//#1#

.'/%+K*$#.1/& *+%& K%+(& %BB%,$#K%& #1& +%K%*@#1L& <?(/#,/& '%?#1"

:*$7+1g/& *7+.+*5&TU& #0*L#1L& *1"& /<%,$+./,.<(&.B& *7+.+*& #1

.7$%+& L*/& L#*1$/& #/& %//%1$#*@& B.+& $+*,Q#1L& $?%& #1B@7%1,%& .B

/.@*+& R#1"& *,+.//& $?%& :.@*+& /(/$%05& >.& B7+$?%+& .7+

71"%+/$*1"#1L& .B& $?%& #1B@7%1,%& .B& $?%& /.@*+& R#1"& .1& $?%

.7$%+& :.@*+& /(/$%0& R%& R#@@& 1%%"& TU& #0*L#1L& *1"

/<%,$+./,.<#,&,*<*'#@#$#%/&#1$.&$?%&9H9H&"%,*"%5

!TM;-I

6;
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^].7+&?71"+%"&(%*+/&*B$%+&D*@#@%.g/&"#/,.K%+#%/&K#*&$?%

B#+/$& */$+.1.0#,*@& 7/%& .B& $?%& $%@%/,.<%S& $?%& R.+@"g/

*/$+.1.0%+/& *+%& .1,%& *L*#1& 7/#1L& <.R%+B7@& 1%R

#1/$+70%1$*$#.1& $.&0*Q%& /$*+$@#1L&"#/,.K%+#%/& .B& *1"

*'.7$&1%R&<@*1%$/S&N7#$%&@#$%+*@@(&.$?%+&R.+@"/S&R?#,?

<+.0#/%& $.& .1,%& *L*#1& $+*1/B.+0& .7+& 71"%+/$*1"#1L

.B&$?%&1*$7+%&.B&$?%&!*+$?&*1"&.B&@#B%g/&*1"&?70*1#$(g/

<@*,%/&#1&$?%&,./0./5`

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&V&!"&>7+1%+S&)*+,?&9HHP

2.2 The Search for Life in the Galaxy

I'.K%3&I'/.+<$#.1&B%*$7+%/&B+.0&;GS&;9S&c9;&".0#1*$%&$?%&+%B@%,$%"

K#/#'@%& *1"&W%*+V6M& /<%,$+70&.B& !*+$?& Y>7+1'7@@& %$& *@5& 9HHAZ5& >?%/%

/#L1*$7+%/&+%*"#@(&"#/$#1L7#/?&$?%&!*+$?&B+.0&$?%&.$?%+&<@*1%$/&#1&$?%

:.@*+&/(/$%0&*/&*&/#$%&R?%+%&'#.@.L#,*@&*,$#K#$(&#/&.,,7++#1L5
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IM!&>c!M!&;>c!M&J;MCe:&Jc62c&M!:!)dC!&>c!&!IM>c_

6]&:;S&c;J&2;));W&IM!&>c!f_

c;J&IM!&>c!f&:6)6CIM_&c;J&IM!&>c!f&e6]]!M!W>_

IM!&IWf&;]&>c!)&C6]!Vd!IM6WD_

6]&:;S&JcI>&];M):&e;!:&IC6!W&C6]!&>Ih!_

>5)+2")102)%?55$1$"2&8;)%?..'"%%)&-")8$#-&)5'+9)&-")%&0')0:+?&)4-$1-)02)"D+.802"&)+':$&%E

&-"2) +.&$108) 02() F>!) :'+0(:02() .-+&+9"&';) 02() 8+4G'"%+8?&$+2) %."1&'+%1+.;) 102

'"H"08) 9?1-) $25+'90&$+2) 0:+?&) &-") .802"&I%) 0&9+%.-"'$1) 1+9.+%$&$+2E) -0:$&0:$8$&;E

%?'501")#"+#'0.-;E).+&"2&$08):$+8+#$108)01&$H$&;E)'+&0&$+2)."'$+(E)02()4"0&-"').0&&"'2%=

I'.K%&YC%B$Z3&)."%@&.B&$?%&K*+#*$#.1&#1&$?%&'+.*"'*1"&.<$#,*@&YdUM6Z&+%B@%,$#K#$(&*/&*

B71,$#.1& .B& $#0%& B.+& !*+$?& Y].+"& %$& *@5& 9HHGZ5& U*+#*$#.1/& .B& 7<& $.& GHi& *+%& "7%& $.

,?*1L%/&#1&*@'%".&*/&$?%&<@*1%$&+.$*$%/S&<7$$#1L&"#BB%+%1$&0#E$7+%/&.B&@*1"&*1"&/%*

#1$.& $?%& .'/%+K%+g/& @#1%& .B& /#L?$5& I'.K%& YM#L?$Z3& U*+#*$#.1/& #1& $?%& #1$%1/#$(& .B

<.@*+#b%"&K#/#'@%&*1"&W6M&@#L?$5

Representative Observations:

     Characterizing Exosolar Terrestrial Planets

J8?" F>!

& & & & & & d@7%& '*+/& /?.R& $?%& $.$*@& 170'%+& .B& ]SDSh& /$*+/& B.+& R?#,?

:WMj4HS& MjkH& /<%,$+70& .B& !*+$?V$R#1& ,.7@"& '%& .'$*#1%"& #1& l=HH

Q/%,& -1$ -$ *&.'#2).$ )*$ 1+-'"$ #","1')+"$ -+"/#&/"5& >.& "%+#K%& $?%

170'%+& .B& @#B%V'%*+#1L& <@*1%$/& $?*$&0#L?$& '%& "%$%,$%"S&)."$%&1#

%&,#2+,0$#("1"$.&%7"/1$70$*/-'#2).$)*$1#-/1$#(-#$(-;"$-.$8-/#(<,2="

+,-."#5$42#($6"#"'#-7,"$72)123.-#&/"15$2.$#("$>-72#-7,"$?)."9

& & & & & & & M%"&M%"& '*+/'*+/& /?.R& $?%& 170'%+& .B& ]SDSh& /$*+/& $?*$& ,.7@"& '%

.'/%+K%"& GE& %*,?& #1& *& =V(%*+& 0#//#.1& R#$?.7$& %E,%%"#1L& 9Hi& .B

$.$*@&.'/%+K#1L&$#0%&*K*#@*'@%&$.&,.0071#$(5

750 nm

650 nm

550 nm

450 nm

Time (days)
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>?%&+%L#.1&.B& /<*,%&R#$?#1&9=H&<,&.B& $?%&:71& #/&*& +#,?&%1K#+.10%1$5& 6$& ,.1$*#1/&m4H

0#@@#.1&/$*+/S&?71"+%"/&.B&Q1.R1&%E.<@*1%$/S&*&'+.*"&+*1L%&.B&#1$%+/$%@@*+&L*/&<?*/%/

B+.0&K%+(& @.R&Y9H&hZ&$.&K%+(&?#L?&Y4Hk&hZ&$%0<%+*$7+%/S&/%K%+*@&/$*+&B.+0#1L&+%L#.1/

*1"&".b%1/&.B&+%/.@K%"&/$%@@*+&"%'+#/&"#/Q/5

h%(&"#+%,$#.1/&B.+&B7$7+%&6:)&*1"&/$%@@*+&+%/%*+,?&#1,@7"%3

2.3 The Local Interstellar Medium

c;J&e;&:>IM:&IWe&>c!6M&-CIW!>:&6W>!MI2>&J6>c&>c!
6W>!M:>!CCIM&)!e6T)&>cI>&:TMM;TWe:&>c!)_

c;J&e;!:&>c!&C;2IC&6W>!M:>!CCIM&)!e6T)&);eTCI>!
2;:)62&MIf&]CTn_

c;J&e;!:&:>!CCIM&I2>6U6>f&IC>!M&cId6>Id6C6>f&IWe&C6]!_

D*@*,$#,&2%1$%+

C*@@%0%1$&%$&*@5&9HHG
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STAR SUN

3-")K"8$+%.-"'") $%)("5$2"():;)&-")A><B).'+."'&$"%)@"=#=E).80%90)&"9."'0&?'"%E)K>)#0%

("2%$&$"%C=) 3-")A><B)9+(?80&"%)#0801&$1) 1+%9$1) '0;) @L!C) 58?D)+2) %+80') %;%&"9):+($"%=
3-")L!)58?D)102)$258?"21")18+?()1+H"'E)8$#-&2$2#)$2&"2%$&;E)02()%?'501")9?&0&$+2)'0&"%=

3-") L!) 58?D) 102) 08%+) 08&"') +M+2") 02() 9"&-02") :$+90',"') %&'"2#&-) +2) 50$'8;) %-+'&

&$9"%108"%=) 3-") %&'?1&?'") +5) &-") -"8$+%.-"'") $%) "0%$8;) 08&"'"() :;) ><BG$2(?1"(

1+9.'"%%$+2=

Representative Observations:

     Heliopause and Exo-heliospheres

&&&&&&&&&&&&&&&&&H&&&&&&&&&&&&&&&&=H&&&&&&&&&&&&&&4HH&&&&&&&&&&&&&&4=H&&&&&&&&&&&&&9HH
I<<+.E#0*$%&e#/$*1,%&B+.0&d.R&:?.,Q&YITZ

:.@*+&:(/$%0

45HH

H5k=

H5=H

H59=

H5HH

]+
*
,$
#.
1
&.
B&
61
,#
"
%
1
$&
D
*
@*
,$
#,
&2
.
/0

#,
&M
*
(/
&*
$&
4
H
H
&)

%
U

J"&&"') ?2("'%&02($2#) +5) &-") $2&"'01&$+2

:"&4""2) &-") ><B) 02() "D+G-"8$+%.-"'"%

@0%&'+%.-"'"%C) $%) 02) $9.+'&02&) 5+1?%) 5+'
5?&?'")%&?($"%=) >&)4$88)-"8.)?%)?2("'%&02(

&-") '+8") &-") ><B) .80;%) $2) 055"1&$2#) &-"

K0:$&0:8") N+2"%) 0'+?2() %&0'%=

!"#$%"&'($() "#$*+#*$() +,-) .(

/(#($01-(/) 2$%0) 3($4) '15') $("%6*#1%-
748,6&',),."%$&#1%-)"&(+#$%"+%&49)<?1-

+:%"'H0&$+2%) 088+4) ?%) &+) %&?(;) :+&-) &-"

%&'?1&?'") +5) &-") 0%&'+%.-"'"%) 0'+?2(

2"0':;)%&0'%)02()+?')8+108)-"8$+%.-"'"=

8@'"11$ AB$ C0<-,+(-$ -71)/+#2).$ 6&"$ #)$ #("$ (06/)3".

D4-,,1E$*/)%$7)#($)&/$(",2)1+("/"$-.6$#("$-1#/)1+("/"

)*$-$."-/70$1#-/$".')6"1$2.*)/%-#2).$).$#("$+/)+"/#2"1

)*$ #("$ 1#",,-/$ 42.65$ %-3."#2'$ *2",65$ -.6$ "@)+,-."#-/0

')1%2'$/-0$*2",6$FG))6$HIIJK9
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M%/.@K%"&/$%@@*+&<.<7@*$#.1/&*+%&,./0#,&,@.,Q/&$?*$&,*1&'%&7/%"&$.&$+*,%&$?%&%K.@7$#.1

.B&,?%0#,*@&*'71"*1,%S&/$%@@*+&0*//S&*1"&Q#1%0*$#,/&*/&B71,$#.1/&.B&$#0%&*1"&<./#$#.1

R#$?#1& *& L*@*E(5& >?#/& #1B.+0*$#.1& <+.K#"%/& ,+#$#,*@& K%+#B#,*$#.1& .B& *1"& ,.1/$+*#1$/& .1

0."%@/&B.+&'.$?&/$*+&*1"&L*@*E(&B.+0*$#.15

>?%& Q%(& N7%/$#.1/& $?*$& ,*1& 71#N7%@(& '%& *""+%//%"& $?+.7L?& $?%& /$7"(& .B& +%/.@K%"

/$%@@*+&<.<7@*$#.1/&#1&'.$?&$?%&)#@Q(&J*(&*1"&.$?%+&L*@*E#%/&*+%3

2.4 The Assembly of Galaxies

)G4

JcI>&6:&>c!&];M)I>6;W&>6)!&IWe&I::!)dCf&c6:>;Mf
;]&DICIn6!:_

c;J&)T2c&!W!MDf&6:&6W-T>&6W>;&>c!&6:)&]M;)&:>!CCIM
d6M>c&IWe&e!I>c_

e;!:&>c!&6W6>6IC&e6:>M6dT>6;W&;]&:>!CCIM&)I::!:
e!-!We&;W&!WU6M;W)!W>_

JcI>&IM!&>c!&)I::!:&;]&TWe!>!2>!e&>MIW:6!W>
-M!2TM:;M:_
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>?%&*,,7+*,(&R#$?&R?#,?&*&/<*$#*@@(&+%/.@K%"

/$*+& B.+0*$#.1& ?#/$.+(& Y:]cZ& ,*1& '%

+%,.1/$+7,$%"& "%<%1"/& ,+#$#,*@@(& .1& ?.R

0*1(& <?*/%/& .B& /$%@@*+& %K.@7$#.1& ,*1& '%

"%$%,$%"5& !"#$ %&'($ )**+,)(#

,#*&-'(,+*(.&-'$ ,#/+.,#$ 0#(#*(.&-$ &1

.-0.2.0+)3$'(),'$&-$("#$4.)-($5,)-*"$)'$6#33

)'$.-0.2.0+)3$06),1$'(),'7$3.8#$("#$9+-7$-#),

("#$(+,-:&11$&1$("#$%).-$'#/+#-*#;$<.4+,#$(&

("#$,.4"($'"&6'$)$'&3),$)-)3&4$'(),$.-$=>?5

Representative Observations:

     Star formation histories beyond the Local Group

<+80')O208+#

6B& '.$?& '@7%& *1"& B*+V+%"& '+.*"'*1"

<?.$.0%$+(& *+%& *K*#@*'@%& $.

0%*/7+%& $?%& /$%@@*+& ,.@.+V

0*L1#$7"%& +%@*$#.1& Y/%%& B#L7+%& $.

@%B$ZS& $?%& "%L%1%+*,(& '%$R%%1

0%$*@& *'71"*1,%& *1"& *L%& ,*1& '%

'+.Q%1S&%1*'@#1L&*1&*,,7+*$%&:]c&$.

'%& 0%*/7+%"& *1"& %1*'@#1L

#1"#K#"7*@& ,.0<.1%1$/& .B& *& L*@*E(

$.& '%& ^$*LL%"`& '(& *L%& *1"

0%$*@@#,#$(5

!&$ @#,1&,%$ '+*"$ &5'#,2)(.&-'

5#A&-0$ ("#$ B&*)3$C,&+@& V& %//%1$#*@

B.+& *,,%//#1L& $?%& B7@@& +*1L%& .B& /$*+

B.+0#1L&%1K#+.10%1$/&V&&-#$-##0'$)

3),4#$ DE:F@(.*)3$ '@)*#$ (#3#'*&@#;

>?%&,#+,@%/&/?.R&$?%&"#/$*1,%&.7$&$.

R?#,?& *& /<*,%& $%@%/,.<%& .B& $?%

#1"#,*$%"& *<%+$7+%& ,*1& .'$*#1

:WMj=&U&O&6&'*1"&<?.$.0%$+(&".R1

$.&/.@*+&*1*@.L&/$*+/&#1&4HH&?.7+/&.B

%E<./7+%&$#0%5

HST

JWST

HJ$L+'$
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)./$& .B& $?%& 0*$$%+& #1& $?%& T1#K%+/%& #/

@.,*$%"& #1& #1$%+L*@*,$#,& /<*,%& .7$/#"%& .B

L*@*E#%/5& T1"%+/$*1"#1L& ?.R& L*/& #1& $?%

#1$%+L*@*,$#,& 0%"#70& Y6D)Z& L%$/& #1$.

L*@*E#%/&*1"&?.R&L*@*E#%/&+%/<.1"&$.&#1B@.R

@#%/& *$& $?%& ?%*+$& .B& 71"%+/$*1"#1L& L*@*,$#,

%K.@7$#.15& e%<%1"#1L& .1& $?%& 0*//& .B& $?%

L*@*E(& ?*@.S& #1B*@@#1L& L*/& 0*(& '%& /?.,Q%"

*1"& ?%*$%"& .+& *,,+%$%& #1& ,.@"&0."%& *@.1L

1*++.R&B#@*0%1$/5&D*/&,*1&*@/.&'%&#$'()$!

B+.0& L*@*E#%/& K#*& $#"*@& *1"& +*0& <+%//7+%

/$+#<<#1LS& .+& "7+#1L& $?%& *,,+%$#.1& .B& L*/V

+#,?&"R*+B/&.1$.&L#*1$&L*@*E#%/5

2.5 The Cosmic Web

)%$*@V%1+#,?%"& L*/& #1$+."7,%"& #1$.

$?%& 6D)& '(& $?%/%& <+.,%//%/& R#@@& '%

"(1*0#,*@@(& ,..@5& I@@& .B& $?%/%

*,,+%$#.1& *1"& L*/& +%0.K*@& $?%.+#%/

?*K%&.'/%+K*$#.1*@&,.1/%N7%1,%/&Y/%%

$?%& B#L7+%&*$&'.$$.0& @%B$Z& $?*$&,*1&'%

$%/$%"& #B&$?%&"#/$+#'7$#.1&.B&L*/& #1&$?%

,./0#,& R%'& *+.71"& L*@*E#%/& ,*1& '%

,?*+*,$%+#b%"& $?+.7L?& TU& *'/.+<$#.1

*1"& %0#//#.1& @#1%& /<%,$+./,.<(5& >?%

Q%(&N7%/$#.1/&*+%3

MNL$ 3-1$ #"%+"/-#&/"$ 621#/27&#2).$ *)/$ ')1%),)32'-,

%)6",1$42#($-.6$42#()&#$1&+"/.);-$*""67-'=$FO".$P

Q1#/2="/$HIIRK9

c;J&6:&6W>!MDICI2>62&)I>>!M

I::!)dC!e&6W>;&DICIn6!:_

>;&JcI>&e!DM!!&e;!:&DICInf

]!!edI2h&M!DTCI>!&IWe

!WM62c&>c!&6D)_

Jc!M!&IWe&Jc!W&e;&>c!:!

-M;2!::!:&;22TM&I:&I

]TW2>6;W&;]&>6)!_
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>?%& .'/%+K*$#.1*@& ,?*@@%1L%& #/& $.& <+.'%& *& /7#$*'@(& @*+L%& 170'%+& .B& '*,QL+.71"

/.7+,%/&*1"&R#$?&%1.7L?&"#*L1./$#,&<.R%+&Y#5%5S&/<%,$+*@&+%/.@7$#.1Z&$.&#"%1$#B(&*1"

,?*+*,$%+#b%&$?%&<+.,%//%/&*$&R.+Q&*$&$?%& 6D)&V&L*@*E(& #1$%+B*,%&Y+%L#.1/&R#$?#1&*

B%R&?71"+%"&Q<,&.B&*&L*@*E(Z5&e+*0*$#,*@@(& #1,+%*/%"&*'/.+<$#.1& @#1%&/%1/#$#K#$(&*$

TU&*1"&.<$#,*@&R*K%@%1L$?/&#/&,+7,#*@&B.+&+%*,?#1L&$?%&+%N7#+%"&'*,QL+.71"&/.7+,%

"%1/#$#%/5&>?%+%&*+%&m4HH&N7*/*+/&<%+&/N7*+%&"%L+%%&$?*$&*+%&'+#L?$%+&$?*1&*&*+,-.

]TU/ B@7E& .B& 98$?&0*L1#$7"%5&G($ (".'$ ')%@3.-4$ 0#-'.(A7$ &-#$ *)-$ '#3#*($ '.4"($ 3.-#'

-#H($(&$("&+')-0'$&1$#H)%@3#'$&1$)-A$*&%%&-$4)3)HA7$4,&+@7$&,$*3+'(#,7$A.#30.-4

)$".4":,#'&3+(.&-$%)@$&1$ ("#$4)'$ )-0$%#()3'$ '+,,&+-0.-4$ ("#'#$ '(,+*(+,#';& ;1%

R#@@& *@/.& R*1$& $.& /(/$%0*$#,*@@(& $*+L%$& #1"#K#"7*@& 1%*+'(& L*@*,$#,& ,.+.1*%& *1"

L+.7</&.B&L*@*E#%/S&B.+&R?#,?&#$&R.7@"&'%&<.//#'@%&$.&.'/%+K%&$?%&<+."7,$#.1&/#$%/&.B

?%*K(&%@%0%1$/&Y/$*+VB.+0#1L&+%L#.1/S&:W%S&%0#//#.1&1%'7@*%ZS&B.@@.R&$?%&<+.,%//%/

'(&R?#,?&$?%&%@%0%1$/&*+%&$+*1/<.+$%"&R#$?#1&L*@*E#%/S&*1"&$+*,%&$?%&%E<7@/#.1&.B

0%$*@/&#1$.&$?%&6D)5

J#$?&/<*,%&$%@%/,.<%/&#1&%E,%//&.B&FV0%$%+&*<%+$7+%/S&.1%&,.7@"&*@/.&7/%&07@$#<@%

N7*/*+/&01!& "#/$*1$& L*@*E#%/&*/&'*,QL+.71"&,.1$#1770&/.7+,%/& $.&"#//%,$& $?%&L*/

"#/$+#'7$#.1&#1&B#%@"/&Q1.R1&$.&?*K%&L*@*E#%/&*1"&L*/&*$&$?%&/*0%&+%"/?#B$5

Representative Observations:

     Mapping the IGM-Galaxy Interface

IGM cosmic web absorption
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>?%& #0*L%/& .B& L*@*E#%/& @(#1L& '%?#1"& B.+%L+.71"

L*@*E#%/& *1"& ,@7/$%+/& .B& L*@*E#%/& ,*1&'%& /#L1#B#,*1$@(

"#/$.+$%"&"7%&$.&L+*K#$*$#.1*@&@%1/#1L5

>?%&*0<@#$7"%&.B& $?%&"#/$.+$#.1S&*1"& $?%&170'%+&.B

^07@$#<@%&#0*L%/`&.B&*&'*,QL+.71"&/.7+,%&<+."7,%"S

@,&2.0#$1+-0)%#-()3$*&-'(,).-('$&-$("#$0.'(,.5+(.&-

&1$ %)((#,$ .-$ ("#$ 1&,#4,&+-0$ &5I#*(';& >?#/S& #1& $7+1S

*@@.R/& $?%&0*//& <+.B#@%& .B& $?%& B.+%L+.71"& ^@%1/#1L`

.'\%,$& $.& '%& "%+#K%"& R#$?& 71<+%,%"%1$%"& *,,7+*,(5

61& $?%& ,*/%& .B& /$+.1L& @%1/#1LS& 7/7*@@(& /%%1& #1& $?%

"#+%,$#.1& .B& 0*//#K%& L*@*E(& ,@7/$%+/S& $?%& @%1/#1L

/#L1*$7+%/& *@/.& @,&2.0#$ +-./+#$ *&-'(,).-('$ &-

*&'%&3&4.*)3$ @),)%#(#,'$ )-0$ &-$ ("#$ '(,+*(+,#$ &1

2#,A$0.'()-($5)*84,&+-0$4)3)H.#'5&>?%&?#L?@(&/$*'@%S

"#BB+*,$#.1V@#0#$%"& #0*L#1L& $?*$& *1& .<$#,*@& /<*,%V

'*/%"&$%@%/,.<%&<+.K#"%/&.1&0."%+*$%@(&R#"%&*1L@%/

YG&V&4H&*+,&0#17$%/Z&%1*'@%/&7/&$.&*""+%//&$?%/%&Q%(

N7%/$#.1/3

2.6 Gravitational Lensing

!"

c;J&6:&eIMh&)I>>!M&e6:>M6dT>!e&;W

:2IC!:&;]&4H&h-2&>;&=&)-2_

JcI>&6:&>c!&C6Wh&d!>J!!W&nVMIf&DI:

IWe&eIMh&)I>>!M_

JcI>&6:&>c!&e6:>M6dT>6;W&;]&eIMh

)I>>!M&cIC;&)I::!:&IWe&MIe66_
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J?#@%& *"*<$#K%& .<$#,/& /(/$%0/& .1

@*+L%&L+.71"V'*/%"& $%@%/,.<%/&R#@@

@#Q%@(& <+."7,%& #1$%+0%"#*$%& :$+%?@

+*$#./& #1& $?%& W6M& .K%+& 4& .+& 9& *+,

0#17$%/S& .1%& +%N7#+%/& K%+(& /$*'@%S

m4H& 0#@@#V*+,/%,& <.#1$& /<+%*"

B71,$#.1/& .1& /,*@%/& .B& =& V& 4H& *+,

0#17$%/& B+.0& *& /<*,%V'*/%"

.<$#,*@&$%@%/,.<%&$.&0*Q%&("#$-#H(

%)I&,$ 3#)@$ .-$ '(+0A.-4$ '+5:

4)3)*(.*$ '*)3#$ '(,+*(+,#J$ 0#(#*(.&-

&1$"+-0,#0'$&1$%+3(.@3#$ .%)4#'$&1

5)*84,&+-0$4)3)H.#';

Representative Observations:

     Precision Substructure Mapping

>?%+%& *+%& $R.& Q%(& /,#%1,%& L.*@/& B+.0& "%$%,$%"& /$+.1L& @%1/#1L& #1& ,@7/$%+/3& Y#Z

/7'/$+7,$7+%& 0*<<#1L& *1"& Y##Z& ,.1/$+*#1$/& .1& "*+Q& %1%+L(& B+.0& 07@$#<@%& /%$/& .B

07@$#<@%& #0*L%/5&].+&'.$?&$?%/%&*<<@#,*$#.1/S&?#L?&*1L7@*+&+%/.@7$#.1&#/&Q%(&*/&$?%

*,,7+*,(&.B&$?%&"%+#K%"&/7'/$+7,$7+%&0*<&*1"&$?%&,.1/$+*#1$/&.1&"*+Q&%1%+L(&'.$?

/,*@%& Y1.1V@#1%*+@(Z& R#$?& $?%& 170'%+& .B& 07@$#<@(V#0*L%"& /(/$%0/& $?*$& ,*1& '%

"%$%,$%"&Y*/&/?.R1&#1&$?%&B#L7+%&'%@.R&B+.0&2.%&9HHPZ5

>?%& "%%<& c:>[I2:& #0*L%& .B& I'%@@& 4AFP& ?*/

*'.7$&4HH&/%$/&.B&07@$#<@%&#0*L%/5&>?#/&(#%@"/&*

0*//&0*<& $?*$&?*/&*& +%/.@7$#.1&.B&H5A&*+,/%,S

R?#,?& $+*1/@*$%/& $.&*& @.R%+&0*//& @#0#$&.1& $?%

"%$%,$%"&/7'&?*@./&.B&9&E&4H44&):TW5&>?%&1%E$

B+.1$#%+& +%N7#+%/& 7/& $.& #0<+.K%& $?#/& @#0#$

".R1R*+"/&'(&*$&@%*/$&.1%&.+"%+&.B&0*L1#$7"%

Y$.& /%%& #B& $?%+%& #/& *& /7'/$+7,$7+%& ^,+#/#/`& #1

Ce2)& .1& ,@7/$%+& /,*@%/Z5& >?#/& +%N7#+%/

"%$%,$#1L&m4SHHH&/%$/&.B&07@$#<@%&#0*L%/5&9+*"

*)@)5.3.(A$ ,#/+.,#'$ )$ 1.2#$ (&$ (#-1&30

.%@,&2#%#-($ .-$ )-4+3),$ ,#'&3+(.&-$ .-$ ("#

&@(.*)3$5)-0$&2#,$(")($)2).3)53#$6.("$K9!;

)*//&0*<&.B&,@7/$%+&2CHH98o4A&*$&b&j&H58H&'*/%"

.1&*&/<*+/%V/*0<@%"&/7+K%(&7/#1L&J]-29&.1&$?%

c7''@%&:<*,%&>%@%/,.<%&Y>+%7&%$&*@5&9HHGZ5
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>?%&$*'@%&'%@.R&/700*+#b%/& $?%&+*1L%&.B&?#L?V@%K%@&/,#%1$#B#,& +%N7#+%0%1$/& $?*$&R%

R#@@&1%%"&$.&*""+%//&$?%&0*1(&B71"*0%1$*@&N7%/$#.1/&#"%1$#B#%"&"7+#1L&$?%&,.7+/%&.B
$?%&R.+Q/?.<5&G$*&-'#-'+'$)@@#),#0$(&$#%#,4#$)%&-4'($("#$6&,8'"&@$@),(.*.@)-('

B.+&*Z& ,.1$#17%"&*,,%//& $.&TU&R*K%@%1L$?/S&'Z&?#L?&*1L7@*+& +%/.@7$#.1&,.7<@%"&R#$?
?#L?V/<%,$+*@&+%/.@7$#.1&#1&$?%&TUS&,Z&0."%+*$%@(&R#"%VB#%@"&Y8&V&F&*+,&0#17$%/ZS&?#L?
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3. Requirements & Technologies
for future UVOIR space astronomy missions
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4. Summary
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