New observations of r-process material in metal-poor stars

lan U. Roederer, University of Michigan
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sometimes detectable

; . hr-lzllm
H (not always simultaneously) He

4 5 6 7 8 9

3 10
441 9.0122 10.811 12.011 14.007 15,009 18.008 20,180
sodium magnesium aluminium silicon phosphorus sulfur chlorine

12 13 15 16

bl I, C! | Ar

24 .30)F

& 4:|\>|1n -unlvlllun scandium titanium vanadium chromium | manganese iror cobalt nickel copper zine ‘/l""”“’;;i 2] I’I'I-II'.ilIH ul i.-jllilnl -nnvnil bromine Krypton
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K |Ca Sc|Ti|V |Cr{Mn|Fe|Co| Ni|[Cu|Zn|Ga|Ge|As|Se | Br | Kr

n;t-l Ii' ll:u .\lll: :llu;.lllkm '.I"llnnrn .ful-.'- T;ll n m jInllull/n m »I"..‘l-‘l.-.:ulm l~~".lfn-l-'{|:|n Il;l.:l.' :‘I:l‘llll '}.rJ.'I;l;IiI |||;.h.nn all; ( .n-h.n; m >|| 'lln r.; ‘llln';' { !’l"ll xl;wn, I--I‘Ijlilrli:‘l;n l ::h:Ix l l “r'|
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb | Sr Y |Zr [ Nb|Mo| Tc |RU{Rh|Pd|Ag|Cd| In |Sn|Sb | Te| | | Xe

"Irzull»jlh;u |rlll:ll I‘;;:‘lilllll r“l'f“;;l.ilt' I»l-‘lAlll nllllll'l 1 It 1.1‘1‘-.: .In 'h-[lllivi:lun nlm;l|illl;| i]ll"'i;l;llll ;-:.‘ullll] ||:|T| Il;nll |l|~|~| l‘1|l. ?llllullur n : Inll lnlijwll]mvvil' I l j‘;|:”ul 1 |I|' l;w'uvv- ll.:;']"' '

55 56 57-70 A 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs|Ba| * [Lu|Hf | Ta| W |Re|Os| Ir | Pt |/Au(Hg| Tl |Pb| Bi | Po| At | Rn
H?I;.;“'I‘.II]H |I‘ .iu T‘I | ql ?|:‘1;1|n [ llhlr:|:|‘fl<fl»‘lvu1 n 'l:lJ'f'Il"'l‘l.l 56 ln-:l-fliﬁnn vl-j;l'l;lli;llu hl, ‘»I.':|'rln:;| 1 ]'”:’Il' -':‘vfn |n|:1|.;'||""|l:m= HII:JI‘:V'H‘.H!II “-;"'I'["’ T\‘l |.m S Hl\ll’w‘]‘!‘lv.:‘ll im p— e e Lz
87 88 89-102 103 104 105 106 107 108 109 110 111 112 114
Fr| Ra|*x*| Lr| Rf | Db | Sg | Bh| Hs | Mt |Uun{Uuu|Uub Uuq
227 226] (262) 1261) (262) (266] [264) (269) [268) [271) [272) [277) [289)
lanthanury cariur praseodymiumy neodymium | promethium | samanum europum qadoliniury terbium lysprosium holmium erblum thuliury EI]

61 62 67 69

57 58 59 60 63 64 65 66 68 70
La | Ce | Pr | Nd|Pm|Sm| Eu|Gd| T | Dy | Ho | Er |Tm| Yb

14012 140.91 144.24 145] } 2. 164.93
welinium thorium srolactinium uranium nepluniur plutonium fnericium curium berkelum californiury Ansleinium ermium mendeleviom|  nobelium

2 P TU A S Bk SF | Es|Em | Md) No

[247] 1251 1257]

*Lanthanide series

**Actinide series




sometimes detectable

1y I|-1»|-n ] hr-lzllm
H (not always simultaneously) Ha
Il|l;1.|ll;;; berylium . boron carbon nitrogen xyagen flucrine lll'i I-/n'
Sle HST required el e il e Bl
! e . e
(or makes big improvement)
|2 13| 14 15 0 16 17 | 18
Na | Mg Al | Si S | Cl | Ar
;-:t.‘qlxgun -'\|I2~'|cljun :~-un2‘-1ln'n it ;gun -.,ullégllllu --hrnz-lzlnn n‘mgusn--w I;g u-étn.7«ll 12154 é;)' :';B q glu{ru Mn:;;’inn !*-":;‘I‘IHI'I M;nsl e i-.ré.'éu
K |Ca Sc|Ti|V|Cr|{Mn|Fe|Co| Ni [Cu|Zn|Ga|Ge Se | Br | Kr
rntg;un sll-;gvlm '."I:;;rn .’Il-"4‘|0|ll n m;n:un m 114I2| wum l~~'|2-:';'ll.lll m!'z‘ml n 'Ir‘-‘l‘i‘;un |Y|II‘.{(-13H||| al|17| ( .n-iinal m it 41; n glol { n'lé;wu I--Igrzilnn ic "51!:;1 3 5[4n
Rb | Sr Y |Zr [ Nb|Mo| Tc |RU{Rh|Pd|Ag|Cd| In |Sn|Sb | Te| | | Xe
e — el h.cllniln:n I»l-‘lAlll nllllll'l 1 It 1.1‘1‘-.: .In f '.[‘AI‘;';I”" nlm;l|illl;| i]ll"'l;l;llll ;-‘.‘ull'|'| ||:|T| Il;nll |l|~|~;v l‘.ul. ?llllullur n : Inll lulijwlllnlvvil' I l j‘;|:”ul 1 |I|' l;w'uvv- ]-] '
Séu | E gé” 57-70 III[;'[;IIII 72 73 74 | 75 76 77 l 78 79 80 81 82 83 84 85 86
Cs|Ba| * [Lu|Hf | Ta| W |Re|Os| Ir | Pt |/Au(Hg| Tl |Pb| Bi | Po| At | Rn
132.91 137.33 174.97 178.4 180.95 183.84 186.21 190.23 102.22 105,08 106.97 200.59 204.3¢ 207.2 208.98 [209] 219 [222]
HJIé;”” L-érén K5 | ~1 (:)lw:;lnn [ llhr1'||w0£lwll n -ll;vollgl 1 S¢ '1“6‘(;“““ v-ilal;lu h,1‘».6|£1:| m :66‘1 n ”“”1”1”6' m 11|||4|;|1|l n L q%gnn HH”."I{AII m
Fr| Ra|*x*| Lr| Rf | Db | Sg | Bh| Hs | Mt |Uun{Uuu|Uub Uuq
227 226] (262) 1261) (262) (266] [264) (269) [268) [271) [272) [277) [289)
lanthanury cariur praseodymiumy neodymium | promethium | samanum europum qadoliniury terbium lysprosium holmium erblum thuliury EI]

61 62 67 69

57 58 59 60 63 64 65 66 68 70
La | Ce | Pr|Nd|Pm|Sm| Eu|Gd|Tb| Dy |Ho| Er |Tm|Yb

welinium thorium srolactinium uranium nepluniur plutonium fnericium curium berkelum californiury Ansleinium ermium mendeleviom|  nobelium

2 P TU A S Bk SF | Es|Em | Md) No

[247] 1251 1257]

*Lanthanide series

**Actinide series




hydrogen
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12

Mg

24 .30)F

potassiur

calcium

sometimes detectable
(not always simultaneously)

HST required
(or makes big improvement)

helium

2
He

boron Xyaer fluorine lll'i I-/n'

2 8 9 10
B N| O| F |Ne
..|11lnlnt:'111|nn S ‘";.‘I |:~I|I1Ir.|"r. IIJI rl|u (" :. '.I

13 16 i 174 18
Al S | Cl| Ar
12 06 15 453 20,048

gallium

seenium

Krypton

scandium titanium vanadium chromium nanganese iror cobalt nickel copper zine bromine

19 20 21 22 23 24 25 26 27 28 29 30 31 34 35 36

K |Ca Sc| Ti| V|{Cr Mn|Fe|[Co| Ni|Cu|Zn|Ga Se | Br | Kr
24 00 10,078 14 17 867 50,942 51.90¢ 54,938 55845 584032 58,603 63 54¢ .3 69,723 126 78 96 79904 H3 80
rubidium strontum yitrium zirconum niobium molybdenum] technetium | ruthenium thodium palladum silver cadmium indium antimony tefurium jodine xenon

37 38 39 40 M 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y |Zr |[Nb({Mo| Tc |[RU{Rh|Pd|Ag|{Cd| In [Sn|Sb|Te| | | Xe
85,468 87.62 88, 1.224 92.90¢ 095,94 [G98 101.07 102.91 106.42 107.87 112.41 114.52 118.71 121.7¢ 127.60 126,90 131.29
caessium bariun lutetium hafnium tantalum lungsten thenium Smivm indium platinum gold Nercury thalliur ead bismuth polonium istatine rado
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sometimes detectable

1y I|-1»|-n ] hr-lzllm
H (not always simultaneously) Ha
Il|l;1.|ll;;; berylium . boron xXyaen fluorine lll'i I-/n'
Sle HST required 2 D |
! e . e
(or makes big improvement) LA E =] B
|2 T3 15 0 16 17 | 18
Na [ Mg Al S | Cl| Ar
;-:t.‘qlxgun -'\|I2~'|cljun :~-un2‘-1ln'n it ;gun -.,ullégllllu --hrnz-lzlnn n‘mgusn--w I;g u-étn.7«ll 12154 é;)' :';B q glu{ru !*-":;‘I‘IHI'I M;nsl e i-.ré.'éu
K |Ca Sc|Ti|V |Cr|{Mn|Fe|Co| Ni |[Cu|Zn|Ga Se | Br | Kr
rntg;un sll-;gvlm '."I:;;rn .’Il-"4‘|0|ll n m;n:un m 114I2| wum l~~'|2-:';'ll.lll m!'z‘ml n 'Ir‘-‘l‘i‘;un |Y|II‘.{(-13H||| al|17| ( .n-iinal m it 41; n o o . I--Igrzilnn ic "51!:;1 3 5[4n
Rb | Sr Y |Zr [ Nb|Mo| Tc |RU{Rh|Pd|Ag|Cd| In |Sn|Sb | Te| | | Xe
e — el h.cllniln:n I»l-‘lAlll nllllll'l 1 It 1.1‘1‘-.: .In f '.[‘AI‘;';I”" nlm;l|illl;| i]ll"'l;l;llll ;-‘.‘ull'|'| ||:|T| Il;nll |l|~|~;v l‘.ul. ?llllullur n : Inll lulijwlllnlvvil' I l j‘;|:”ul 1 |I|' llw'uvv- ]-] '
Séu | E gé” 57-70 III[;'[;IIII 72 73 74 | 75 76 77 l 78 79 80 81 82 83 84 85 86
Cs|Ba| * [Lu|Hf | Ta| W |Re|Os| Ir | Pt |/Au(Hg| Tl |Pb| Bi | Po| At | Rn
132.91 137.33 174.97 178.4 180.95 183.84 186.21 190.23 102.22 105,08 106.97 200.59 204.3¢ 207.2 208.98 [209] 219 [222]
HJIé;”” L-érén K5 | ~1 (:)lw:;lnn [ llhr1'||w0£lwll n -ll;vollgl 1 S¢ '1“6‘(;“““ v-ilal;lu h,1‘».6|£1:| m :66‘1 n ”“”1”1”6' m 11|||4|;|1|l n L q%gnn HH”."I{AII m
Fr| Ra|*x*| Lr| Rf | Db | Sg | Bh| Hs | Mt |Uun{Uuu|Uub Uuq
227 226] (262) 1261) (262) (266] [264) (269) [268) [271) [272) [277) [289)
lanthanury cariur praseodymiumy neodymium | promethium | samanum europum qadoliniury terbium lysprosium holmium erblum thuliury EI]
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce| Pr|{Nd|Pm{Sm|Eu|Gd|Tb|Dy|Ho| Er [ Tm| Yb
128.91 140,12 140.91 144.24 145) 150.3¢ 151.0¢ 157.2 158.93 162.50 164.02 167.2¢ 168.03 173.04

2 P TU A S Bk SF | Es|Em | Md) No

[247] 1251 1257]

**Actinide series




sometimes detectable

1y I|-1»|-n ] hr-lzllm
H (not always simultaneously) Ha
Il|l;1.|ll;;; berylium . boron fluorine lll'il-}.'
L3' 84 HST required é I; r\]O
! e . e
(or makes big improvement)
S 1.1 n n.||1~2~ n al |1|:; n ( ‘17‘1 »1»8-.
Na | Mg Al Cl | Ar
;-:t.‘qlxgun -'\|I2~'|cljun :~-un2‘-1ln'n it ;gun -.,ullégllllu --hrnz-lzlnn n‘mgusn--w I;g u-étn.7«ll 12154 é;)' :';B q glu{ru “;”5| e r.l'géu
K |Ca Sc|Ti|V |Cr|{Mn|Fe|Co| Ni |[Cu|Zn|Ga Br | Kr
rntg;un sll-;gvlm '."I:;;rn .’Il-"4‘|0|ll n m;n:un me 114I2| m l~~'|2-:';'ll.lll m!'z‘ml n 'Ir‘-‘l‘i‘;un |Y|II‘.{(-13H||| al|17| ( .n-iinal m i 41; n 50 51 = i gléx 3 5[4n
Rb | Sr Y |Zr [ Nb|Mo| Tc |RU{Rh|Pd|Ag|Cd| In |Sn|Sb | Te| | | Xe
e — el h.clll;illn:n I»l-‘lAlll nllllll'l 1 It 1.1‘1‘-.: .In f '.[‘AI‘;';I”" nlm;l|illl;| i]ll"'l;l;llll ;-‘.‘ull'|'| ||:|T| Il;nll |l|~|~;v l‘.ul. ?llllullur n : Inll lulijwlllnlvvll' I l j‘;|:”ul 1 |I|' l;wvuv ll.:;']"' "
Séu | E gé” 57-70 III[;'[;IIII 72 73 74 | 75 76 77 l 78 79 80 81 82 83 84 85 86
Cs|Ba| * [Lu|Hf | Ta| W |Re|Os| Ir | Pt |/Au(Hg| Tl |Pb| Bi | Po| At | Rn
132.91 137.33 174.97 178.4 180.95 183.84 186.21 190.23 102.22 105,08 106,97 200.5 204.3¢ 207.2 208.98 [209] 219 [222]
HJIé;”” L-érén K5 | ~1 (:)lw:;lnn [ llhr1'||w0£lwll n -ll;vollgl 1 S¢ '1“6‘(;“““ v-ilal;lu h,1‘».6|£1:| m :66‘1 n ”“”1”1”6' m 11|||4|r11|1| I L q%gnn HH”."I{AII m
Fr| Ra|*x*| Lr| Rf | Db | Sg | Bh| Hs | Mt |Uun{Uuu|Uub Uuq
227 226] (262) 1261) (262) (266] [264) (269) [268) [271) [272) [277) [289)
lanthanury cariur raseodymiumy neodymium | promethium | Samanum europum qadoliniury terbium lysprosium holmium erblum thuliury EI]
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce| Pr|{Nd|Pm{Sm|Eu|Gd|Tb|Dy|Ho| Er [ Tm| Yb
138.01 140,12 140.91 144.24 145) 150. 151.9¢ 157.2¢ 158.092 162.5 164.03 167.2 168.92 173.04
i Actimide Series l lé;l]nu U} nér:)uu ol 6':mm| Iu.;]l;ul lw;-glélun ph |(:]‘I4IHIII (" S—]u.suuu [ gu()lm l~~rl(:];*lu wuhlgénn -1‘|~I§-gmun --f1|616m mrn1l-(-)!-i,lln 1« ‘.'“(;IZ'IIII
Ac|Th|Pa| U |[INp|PulAm|Cm|Bk | Cf | Es|[Fm|Md| No
227] 232.04 231.04 238.03 237] 244] 243 [247] [247] [251] [252] |257] |258] [259]




sometimes detectable

1y I|-1»|-n ] hr-lzllm
H (not always simultaneously) Ha
Il|l;1.|ll;;; berylium . boron carbon &n fluorine lll'il-}.'
Sle HST required SR- .
! e .. e
(or makes big improvement)
|2 13| 14 16 17 | 18
Na | Mg Al Cl | Ar
;-:t.‘qlxgun -'\|I2~'|cljun :~-un2‘-1ln'n it ;gun -.,ullégllllu --hrnz-lzlnn n‘mgusn--w I;g u-étn.7«ll 12154 é;)' q glu{ru “;”5| e r.l'géu
K |Ca Sc|Ti|V |Cr|{Mn|Fe|Co| Ni |[Cu|Zn|Ga Br | Kr
rntg;un sll-;gvlm '."I:;;rn .’Il-"4‘|0|ll n m;n:un me 114I2| m l~~'|2-:';'ll.lll m!'z‘ml n 'Ir‘-‘l‘i‘;un |Y|II‘.{(-13H||| al|17| i 41; n = i gléx 3 5[4n
Rb | Sr Y | Zr |[Nb|Mo| Tc |Ru|Rh| Pd | Ag JCd Te| | | Xe
e — el h.clll;illn:n I»l-‘lAlll nllllll'l 1 It 1.1‘1‘-.: .In f '.[‘AI‘;';I”" nlm;l|illl;| i]ll"'l;l;llll ;-‘.‘ull'|'| ||:|T| Il;nll - th -1 1: || a e I l t‘;|:”ul | |l|' l;wvuv ll.:;']"' "
Séu | E gé” 57-70 III[;'[;IIII 72 73 74 | 75 76 77 l 78 79 80 81 82 83 84 85 86
Cs|Ba| * [Lu|Hf | Ta| W |Re|Os| Ir | Pt |/Au(Hg| Tl |Pb| Bi | Po| At | Rn
132.91 137.33 174.97 178.4 180.95 183.84 186.21 190.23 102.22 105,08 106,97 200.59 204.3¢ 207.2 208.98 [209] 219 [222]
HJIé;”” L-érén K5 | ~1 (:)lw:;lnn [ llhr1'||w0£lwll I -ll;vollgl 1 5 '1“6‘(;“““ v-ilal;lu h,1‘».6|£1:| m :66‘1 il ”“”1”1”6' Im 11|||4|r11|1| I u q%én HH”.",’{AII
Fr| Ra|*x*| Lr| Rf | Db | Sg | Bh| Hs | Mt |Uun{Uuu|Uub Uuq
227 226] (262) 1261) (262) (266] [264) (269) [268) [271) [272) [277) [289)
lanthanury cariur praseodymiumy neodymium | promethium | samanum europum qadoliniury terbium lysprosium holmium erblum thuliury EI]
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce| Pr|{Nd|Pm{Sm|Eu|Gd|Tb|Dy|Ho| Er [ Tm| Yb
128.91 140,12 140.91 144.24 145) 150.3¢ 151.0¢ 157.2 158.93 162.5 164.02 167.2¢ 168.03 173.04
i Actimide Series l lé;l]nu U} nér:)uu ol 6':mm| Iu.;]l;ul lw;-glélun ph |(:]‘I4IHIII (" S—]u.suuu [ gu()lm l~~rl(:];*lu wuhlgénn -1‘|~I§-gmun --f1|616m mrn1l-(-)!-i,lln 1« ‘.'“(;IZ'IIII
Ac|Th|Pa| U |[INp|PulAm|Cm|Bk | Cf | Es|[Fm|Md| No
227] 232.04 231.04 238.03 237] 244] 243 [247] [247] [251] [252] |257] |258] [259]




sometimes detectable

1y I|-1»|-n ] hr-lzllm
H (not always simultaneously) Ha
Il|l;1.|ll;;; berylium . boron carbon &n fluorine lll'il-}.'
Sle HST required SR- .
! e . e
(or makes big improvement)
S 11 n ||.||1.2\ n a |1|:; n silicon ( 17. v(1»8-|
Na | Mg Cl | Ar
;-:t.‘qlxgun -'\|I2~'|cljun :~-un2‘-1ln'n it ;gun -.,ullégllllu --hrnz-lzlnn n‘mgusn--w I;g u-étn.7«ll 12154 é;)' “;”5| e r.l'géu
K |Ca Sc|Ti|V |Cr|{Mn|Fe|Co| Ni |[Cu|Zn Br | Kr
rntg;un sll-;gvlm '."I:;;rn .’Il-"4‘|0|ll n m;n:un me 114I2| m l~~'|2-:';'ll.lll m!'z‘ml n 'Ir‘-‘l‘i‘;un |Y|II‘.{(-13H||| al|17| i gléx 3 5[4n
Rb | Sr Y | Zr |[Nb|Mo| Tc |Ru|Rh| Pd | Ag JCd | | Xe
e — el h.clll;illn:n I»l-‘lAlll nllllll'l 1 It 1.1‘1‘-.: .In f '.[‘AI‘;';I”" nlm;l|illl;| i]ll"'l;l;llll ;-‘.‘ull'|'| ||:|T| Il;nll - |I|' l;wvuv ]|,:;,],'. "
Séu | E gé” 57-70 III[;'[;IIII 72 73 74 | 75 76 77 l 78 79 85 86
Cs|Ba| * |Lu|{Hf | Ta| W |Re|Os| Ir | Pt | Au At [ Rn
122.91 137.32 174.97 178.4 180,95 183.84 186.21 190,22 192.22 105,08 106,07 0.5 07.2 2194 [222)
HJIé;”” L-érén K5 | ~1 (:)lw:;lnn [ llhr1'||w0£lwll n -ll;vollgl 1 56 '1“6‘(;“““ v-ilal;lu h,1‘».6|£1:| m :66‘1 n ”“”1”1”6' Im 11|||4|r11|1| I 1xl1¥én I.‘i',’{:ih
Fr| Ra|*x*| Lr| Rf | Db | Sg | Bh| Hs | Mt |Uun{Uuu|Uub Uuq
227 226] (262) 1261) (262) (266] [264) (269) [268) [271) [272) [277) [289)
lanthanury cariur praseodymiumy neodymium | promethium | samanum europum qadoliniury terbium lysprosium holmium erblum thuliury EI]
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce| Pr|{Nd|Pm{Sm|Eu|Gd|Tb|Dy|Ho| Er [ Tm| Yb
128.91 140,12 140.91 144.24 145) 150.3¢ 151.0¢ 157.2 158.93 162.5 164.02 167.2¢ 168.03 173.04
i Actimide Series l lé;l]nu U} nér:)uu ol 6':mm| Iu.;]l;ul lw;-glélun ph |(:]‘I4IHIII (" S—]u.suuu [ gu()lm l~~rl(:];*lu wuhlgénn -1‘|~I§-gmun --f1|616m mrn1l-(-)!-i,lln 1« ‘.'“(;IZ'IIII
Ac|Th|Pa| U |[INp|PulAm|Cm|Bk | Cf | Es|[Fm|Md| No
227] 232.04 231.04 238.03 237] 244] 243 [247] [247] [251] [252] |257] |258] [259]




sometimes detectable

1y I|-1»|-n ] hr-lzllm
H (not always simultaneously) Ha
Il|l;1.|ll;;; berylium . boron carbon &n fluorine lll'il-}.'
Sle HST required SR- .
! e . e
(or makes big improvement)
S 11 n ||.||1.2\ n a |1|:; n silicon ( 17. v(1»8-|
Na | Mg Cl | Ar
;-:t.‘qlxgun -'\|I2~'|cljun :~-un2‘-1ln'n it ;gun -.,ullégllllu --hrnz-lzlnn n‘mgusn--w I;g u-étn.7«ll 12154 é;)' “;”5| e r.l'géu
K |Ca Sc|Ti|V |Cr|{Mn|Fe|Co| Ni |[Cu|Zn Br | Kr
rntg;un sll-;gvlm yitrium .’Il-"4‘|0|ll n m;n:un me 114I2| m l~~'|2-:';'ll.lll m!'z‘ml n 'Ir‘-‘l‘i‘;un |Y|II‘.{(-13H||| al|17| i gléx 3 5[4n
Rb | Sr Zr |[Nb|Mo| Tc |Ru|Rh | Pd| Ag }Cd | | Xe
85.468 87.62 . |,..‘,A.I1 .l|||I|'| ] [l 1.1‘;-.; .In f .-[‘~|‘;Vi:u|n llhl;llilll;l illx"'l;l;‘|l| ;-l.‘ullll] IIZITI Il;nll - |l|v l;w'.v ]|_:;,],'. .l
“ss | se | s7.70 "2 " 74 "5 76 77 7 79 85 86
Cs|Ba| * Hf | Ta| W|Re|Os| Ir | Pt | Au At [ Rn
122.91 137.32 178.4 180,95 183.84 186.21 190,22 192.22 105,08 106,07 0.5 07.2 2194 [222)
“e7" | 88 | sot02| 103 | 108 | 105 | 106 | 107 | 108 | 00 | 110 | 111 | 112 114
Fr| Ra|*x*| Lr| Rf | Db | Sg | Bh| Hs | Mt |Uun{Uuu|Uub Uuq
227 226] (262) 1261) (262) (266] [264) (269) [268) [271) [272) [277) [289)
lanthanury cariur praseodymiumy neodymium | promethium | samanum europum qadoliniury terbium lysprosium holmium erblum thuliury EI]
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce| Pr|{Nd|Pm{Sm|Eu|Gd|Tb|Dy|Ho| Er [ Tm| Yb
128.91 140,12 140.91 144.24 145) 150.3¢ 151.0¢ 157.2 158.93 162.5 164.02 167.2¢ 168.03 173.04
i Actimide Series l lé;l]nu U} nér:)uu ol 6':mm| Iu.;]l;ul lw;-glélun ph |(:]‘I4IHIII (" S—]u.suuu [ gu()lm l~~rl(:];*lu wuhlgénn -1‘|~I§-gmun --f1|616m mrn1l-(-)!-i,lln 1« ‘.'“(;IZ'IIII
Ac|Th|Pa| U |[INp|PulAm|Cm|Bk | Cf | Es|[Fm|Md| No
227] 232.04 231.04 238.03 237] 244] 243 [247] [247] [251] [252] |257] |258] [259]




sometimes detectable

1y I|-1»|-n ] hr-lzllm
H (not always simultaneously) Ha
Il|l;1.|ll;;; berylium . boron carbon &n fluorine lll'il-}.'
Sle HST required SR- .
! e . e
(or makes big improvement)
S 11 n ||.||1.2\ n a |1|:; n silicon ( 17. v(1»8-|
Na | Mg Cl | Ar
;-:t.‘qlxgun -'\|I2~'|cljun :~-un2‘-1ln'n it ;gun -.,ullégllllu --hrnz-lzlnn n‘mgusn--w I;g u-étn.7«ll 12154 é;)' “;”5| e r.l'géu
K |Ca Sc|Ti|V |Cr|{Mn|Fe|Co| Ni |[Cu|Zn Br | Kr
rntg;un sll-;gvlm yitrium .’Il-"4‘|0|ll n m;n:un me 114I2| m l~~'|2-:';'ll.lll m!'z‘ml n 'Ir‘-‘l‘i‘;un |Y|II‘.{(-13H||| al|17| i gléx 3 5[4n
Rb | Sr Zr |[Nb|Mo| Tc |Ru|Rh | Pd| Ag }Cd | | Xe
85468 87.62 : T : |,l.‘|A|I1 |‘||I|I'I 1 [l l.lll‘-.: .-In r '.[‘AI‘;';”I" S — i]n"'l;l;‘|l| ;-‘.‘ullll'l |IZIT| Il;nll - |I|' l;\vuv ]|_:;,],'. |'
“ss | se | s7.70 "2 " 74 "5 77 7 79 85 86
Cs|Ba| * Hf | Ta| W | Re Ir | Pt | Au At [ Rn
122.91 137.32 178.4 180,95 183.84 186.21 192.22 105,08 106,07 0.5 07.2 2194 [222)
“e7" | 88 | sot02| 103 | 108 | 105 | 106 | 107 | 108 | 100 | 110 | 111 | 112 114
Fr| Ra|*x*| Lr| Rf | Db | Sg | Bh| Hs | Mt |Uun{Uuu|Uub Uuq
227 226] (262) 1261) (262) (266] [264) (269) [268) [271) [272) [277) [289)
lanthanury cariur praseodymiumy neodymium | promethium | samanum europum qadoliniury terbium lysprosium holmium erblum thuliury EI]
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce| Pr|{Nd|Pm{Sm|Eu|Gd|Tb|Dy|Ho| Er [ Tm| Yb
128.91 140,12 140.91 144.24 145) 150.3¢ 151.0¢ 157.2 158.93 162.5 164.02 167.2¢ 168.03 173.04
i Actimide Series l lé;l]nu U} nér:)uu ol 6':mm| Iu.;]l;ul lw;-glélun ph |(:]‘I4IHIII (" S—]u.suuu [ gu()lm l~~rl(:];*lu wuhlgénn -1‘|~I§-gmun --f1|616m mrn1l-(-)!-i,lln 1« ‘.'“(;IZ'IIII
Ac|Th|Pa| U |[INp|PulAm|Cm|Bk | Cf | Es|[Fm|Md| No
227] 232.04 231.04 238.03 237] 244] 243 [247] [247] [251] [252] |257] |258] [259]




sometimes detectable

1y I|-1»|-n ] hr-lzllm
H (not always simultaneously) Ha
Il|l;1.|ll;;; berylium . boron carbon &n fluorine lll'il-}.'
Sle HST required SR- .
! e . e
(or makes big improvement)
S 11 n ||.||1.2\ n a |1|:; n silicon ( 17. v(1»8-|
Na | Mg Cl | Ar
;-:t.‘qlxgun -'\|I2~'|cljun :~-un2‘-1ln'n it ;gun -.,ullégllllu --hrnz-lzlnn n‘mgusn--w I;g u-étn.7«ll 12154 é;)' “;”5| e r.l'géu
K |Ca Sc|Ti|V |Cr|{Mn|Fe|Co| Ni |[Cu|Zn Br | Kr
rntg;un sll-;gvlm yitrium .’Il-"4‘|0|ll n m;n:un me 114I2| m l~~'|2-:';'ll.lll m!'z‘ml n 'Ir‘-‘l‘i‘;un |Y|II‘.{(-13H||| al|17| i gléx 3 5[4n
Rb | Sr Zr |Nb | Mo | Tc Pd | Ag JCd | | Xe
85468 87.62 [ : I,lu‘lAlll nllllll'l 1 It 1.1‘;-.: .-In r '.[‘AI‘;';”I" i"-‘ll;l'l |IZIT| Il;nll - |I|' l;\vuv ll.:;r]r'- |'
“ss | se | s7.70 "2 " 74 "5 7 79 85 86
Cs|Ba| * Hf | Ta| W | Re Pt | Au At [ Rn
122.91 137.32 178.4 180,95 183.84 186.21 105,08 106,07 0.5 07.2 2194 [222)
“e7" | "8 | sot02| 103 | 108 | 105 | 106 | 107 Mo | M M2 114
Fr| Ra|*x*| Lr| Rf | Db | Sg | Bh| Hs | Mt |Uun{Uuu|Uub Uuq
227 226] (262) 1261) (262) (266] [264) (269) [268) [271) [272) [277) [289)
lanthanury cariur seodymiumy neodymium | promethiom | Samanum europum qadoliniury terbium lysprosium holmium erblum thuliury EI]
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce| Pr|{Nd|Pm{Sm|Eu|Gd|Tb|Dy|Ho| Er [ Tm| Yb
128.91 140,12 140.91 144.24 145) 150.3¢ 151.0¢ 157.2 158.93 162.5 164.02 167.2¢ 168.03 173.04
i Actimide Series l lé;l]nu U} nér:)uu ol 6':mm| Iu.;]l;ul lw;-glélun ph |(:]‘I4IHIII (" S—]u.suuu [ gu()lm l~~rl(:];*lu wuhlgénn -1‘|~I§-gmun --f1|616m mrn1l-(-)!-i,lln 1« ‘.'“(;IZ'IIII
Ac|Th|Pa| U |[INp|PulAm|Cm|Bk | Cf | Es|[Fm|Md| No
227] 232.04 231.04 238.03 237] 244] 243 [247] [247] [251] [252] |257] |258] [259]




sometimes detectable

1y I|-1»|-n ] hr-lzllm
H (not always simultaneously) Ha
Il|l;1TII;T; berylium . boron arbon xXyaer flucrine lll'il-}.'
Li = HST required SR- R
! e . e
(or makes big improvement)
IIII r||.|~||11~2w| m al n{g m ~x1|.‘~1n ( 1 ;‘., ,(1~»8-n
Na Mg Cl | Ar
& t1g| n calcium :~-un2‘-1ln'n titanium '.vlllAz':]slllll chre n um nanganese iror u-étn.7«ll |1 i- | é;)' “;”5| e r.l'géu
K Ca Sc|Ti| V Cr Mn Fe | Co N| Br | Kr
rubidium |I II m vitrium Zirconum niobium moly 14I2| wm| e In tium m!'z‘ml n 'Ir‘-‘l‘i‘;un i IIAéun al|17| pgléx- 5[4n
Rb Sr Zr Nb Mo Tc ’ | | Xe
aesium I lIIlI e hafnium 1: nl Inr 11111-7:;-'11 I |||u| »1~~~1 c'—.lglslwu “é'é'
Cs Ba X Hf Ta W Re Au At [ Rn
} 127,32 ! 183.84 86.2 1214 [222]
francium L-érén 80102 . 103 llhr1'||w0£lwll n 1 —;0”5' S '1“6‘(;“““ v-ilal;lu [ IIHIIV11I1I| n
Fr| Ra|x*| Lr| Rf | Db | Sg | Bh Hs Mt Uun Uuu
223 226] [262] [261] [262] |266] [264] [277] [2589)
lanthanury -vsrnsln -:v--s-lg»u'mu neodymium | pre -né-1l um | s uuénznlrn europum qadoliniury I¢ l| | m I‘.:-:égllnu holmium ~-’I6u8n (] ggn EI]
*Lanthanide series
La|Ce| Pr|{ Nd|Pm|Sm| Eu| Gd Tb Dy | Ho | Er Tm Yb
140,12 140.91 144.24 145] 150, 3¢ 51.¢ 157.2f 162.5( 1.93 167.2¢ [
i Actimide Series wclinium U} nér:)uu ol 6.:!””“ Iu.;]l;ul lw;-glélun ph l{u];uu (nericium [ gu()lm b l I nm ‘uhlgénr Ansteinium --f1|r616| 11011 “.'n(;lzrun
Ac|Th|Pa| U |Np| Pu/Am|Cm Bk Cf| Es|Fm|{Md| No
227] 232.04 231.04 238.03 237] 244] 243 [247] [247] [251] [252] |257] |258] [259]




sometimes detectable

1y I|~1u|-n ] helium
H (not always simultaneously) Ha
L 84 " HST required é é 5 I; N
! e . e
L | ooz (or makes big improvement) warr | o
1 im r||.|~||11'2>| m al n{g m ~I1I~‘~1II ( 1 ;uv r 113 1
N a Mg Cl | Ar
& 'jlgl n calcium :~-un2‘-1ln'n titanium -.,Iann:Isllm chre m m nanganese iron I alt || I- | ég' Ir|4§|15| e I-.ré.'é'u
K Ca Sc|Ti| V C r M n Fe Co N | Br | Kr
rubidium |I II m vitrium Zirconum niobium moly I4I2| wm| e In tium IIII'IA‘I4II|I'II I 4|‘I5IIII i |I46hn| ali?l IH'SII:I;I' v;ln
Rb Sr Zr N b | Mo Tc | , | | Xe
aesium I mn e hafnium 1a nl In { hn|-7:t~.‘t-'n I |||u 1 76 77 78 aon l Ié1l I 8I2 »'haré ur—.lggwu lée'
Cs Ba * Hf Ta W Re Os Ir Pt Au Hg Tl | Pb | Bi At | Rn
) 183.84 86.2 : 207.2 208.98 2194 1222]
i h 80102 | 103 | 104 11Io”s' “os | 07 | 108 | 109 M1 | 112 14
Fr Ra x| Lr | Rf | Db | Sg | Bh Hs Mt Uun Uuu Uub Uuq
223) 226) [262] [261] [262] [266] [264] [289]
. L . t h - d s EuHiEg lanthanury msngn pras --s-lgm'lun neodymium | pre -né-1l Hum | s uuénznlm europum qadoliniury I¢ I| Il m I‘.:-:évs:wllun holmium »—'IGuBm (] g‘:l)n EI]
La|Ce| Pr|Nd|Pm Sm Eu | Gd Tb Dy | Ho | Er Tm Yb
: |"‘v|-'" ‘nl-ffuﬁ.][ m II]LllI‘I‘IIII‘I nej -Illllll‘llun Pht l l | nm (" l~I|.qu|I tlll‘l“l"l’I‘;I b I I nm ‘I:III"II.II n -1r|~l-.-ur||'|m 1IIIIIII‘I I I I t.wluun
**Actinide series “80 ”IS.)[:)”“ 'I‘v91 92 93 96 98 100 101 102
Ac|Th|Pa| U | Np Pu Am|Cm Bk Cf| Es|Fm|{Md| No
221] .04 | 238,08 227] 244] 247 [247] [247] 1251) [252] [257] [258) 1259




hydrogen

sometimes detectable

X ] welium
H (not always simultaneously) Ha
L 84 " HST required é é 5 I; N
! e . e
il v (or makes big improvement) st | o
1 im Il|.|-|l11'2>| m al n{g m ~I1I~‘~1II ( 1 ;uv r 113 1
N a Mg Cl | Ar
& 'jlgl n calcium :~-un2‘-1ln'n titanium -.,Iann:Isllm chre m m nanganese iron I alt || I- | Ir|4§|15| e I-.ré.'é'u
K Ca Sc|Ti| V C r M n Fe Co N | Br | Kr
rubidium |I II m vitrium Zirconum niobium moly I4I2| wm| e In tium IIII'IA‘I4II|I'II I 4|‘I5IIII i |I46hn| IH'SII:I;I' v;ln
Rb Sr Zr N b| Mo Tc | | Xe
aesium I m n e hafnium 1a nl In { hn|-7:t~.‘t-'n I ||| Im u'—.lggwu f ée 1
Cs Ba X Hf Ta W Re At [ Rn
. 183.84 86.2 [219 [222]
francium ra Ir K5 " 103 llIr;ldiihlu 1';0”5! S .1‘64(1;””1 ﬂ;g;m
Fr Ra x| Lr | Rf | Db | Sg | Bh
223 226 [262] [261] [262] |266] [264]
. L . t h - d s EuHiEg lanthanury msngn pras --s-lgm'lun neodymium | pre -né-1l Hum | s uuénznlm europum qadoliniury I¢ I| Il m I‘.:-:évs:wllun holmium »—'IGuBm (] g‘:l)n EI]
La|Ce| Pr|Nd|Pm Sm Eu | Gd Tb Dy | Ho | Er Tm Yb
: |"‘v|-'" ‘nl-ffuﬁ.][ m II]LllI‘I‘IIII‘I nej -Illllll‘llun Pht l l | nm (" l~I|.qu|I tlll‘l“l"l’I‘;I b I I nm ‘I:III"II.II n -1r|~l-.-ur||'|m 1IIIIIII‘I I I I t.wluun
**Actinide series “80 ”IS;:)I“I rl‘v91 92 93 96 98 100 101 102
Ac|Th|Pa| U | Np Pu Am|Cm Bk Cf| Es|Fm|{Md| No
227] 1.04 | 23808 227] 244] 247 [247] [247) [251] 1252) [257) [258) 1259)




sometimes detectable

1y I|~1~|-n . 2
H (not always simultaneously) Ha
IlitII.ul;I'I berylium . boron wbor xXyaen fluorine neon
L' s HST required SR- K

! e . e
n l|.||1'2) n a |1|3 n .\1u4 1 16 ( 17! 118l

N a Mg Cl | Ar

& 'jlgl n -unlzwl(;un :~-un2‘-1ln'n it ;I;IIII V ‘I“‘z':];”” --Iunz-lzum 1F m;usn--w iron I alt || I- d| I|4§|15| e I-.ré.(l3 n
K Ca Sc|Ti| V Fe Co N | Br | Kr

rubidium |I mn I m yitrium zirconum niobium technetium IIII'IA‘I4II|I'II I 4|‘I5IIII v~ |I46hn| i "SII:I;I 3 5[4n

Rb Sr Zr | Nb | | Xe
aesium I m n e hafnium 1a nl In { 74 rthenium u'—.lggwu f ée 1
Cs Ba X Hf Ta W | Re At [ Rn
) ) 183.84 86.2 2194 1222]

francium ra Ir K5 " 103 llIr;ldiihlu 1';0”5! v».{églun ﬂ;g;m
Fr Ra x| Lr | Rf | Db | Sg | Bh
227 226] [262] [261] [262] [266] [264]

lanthanury cariurn praseodymiumy neodymium | promethium | samanum europum qadoliniury I¢ I| Il m lysprosium holmium erblum thuliury EI]
*Lanthanide series 58 59 60 61 62 63 64 66 67 68 69
La|Ce| Pr|Nd|Pm Sm Eu | Gd Tb Dy | Ho | Er Tm Yb
: |"‘v|-'" ‘nl-ffuﬁ.][ m II]LllI‘I‘IIII‘I nej -Illllll‘llun Ph l l | m rulliIﬂI::uu II‘I.I‘IIYI'I.II b I I m ‘-:III"II‘III " -xr::Iv-:-Illr'lqu 1f|rm1‘n I I I t.wluun
**Actinide series "23'5')"” ”IS;E)I“I rl‘v91 92 93 95 96 98 99 100 101 102
Ac|Th|Pa| U | Np Pu Am|Cm Bk Cf| Es|Fm|{Md| No
227] 231.04 237] 244] 243 [247] [247] [251] [252] [257] [25¢] [259]




sometimes detectable

1y I|~1u|-n ] helium
H (not always simultaneously) Ha
IlitII.ul;I'I berylium . boron arbon Xyaer fluorine II“-II'
L' s HST required SR- K
! e . e
L | oo (or makes big improvement)
n l|.||1'2) n a |1|3 n \{4] 16 ( 17| v(1»8-|
N a Mg Cl | Ar
& 'jlgl n calcium :~-un2‘-1ln'n titanium V ‘I“‘z':];”” --Iunz-lzum 1F m;usn--w iron I alt || I- d| Ir|4§|15| e I-.ré.'é'u
K Ca Sc|Ti| V Fe Co N | Br | Kr
rubidium |I mn I m vitrium Zirconum m“”" technetium IIII'IA‘I4II|I'II I 4|‘I5IIII pa |I Iun i "SII:I;I 3 v;ln
Rb Sr Zr | Nb | | Xe
aesium I m n e hafnium 1a nl In { 74 rthenium u'—.lggwu f ée 1
Cs Ba * Hf Ta W | Re H g At | Rn
) 183.84 86.2 219 [222)
francium ra Ir K5 " 103 llIr;Bzhll I I —;0”5' S .1‘64(1;””1 ﬂ;g;m 1II1II2II
Fr Ra x| Lr | Rf | Db | Sg | Bh
223 226 [262] [261] [262] |266] [264]
lanthanury msngn pras --s-lgm'lun neodymium | pre -né-1l Hum | s uuénznlm europum qadoliniury I¢ I| Il m I‘.:-:évs:wllun holmium »—'IGuBm (] g‘:l)n EI]
*Lanthanide series
La|Ce| Pr|Nd|Pm Sm Eu | Gd Tb Dy | Ho | Er Tm Yb
: |"‘v|-'" ‘nl-ffuﬁ.][ m II]LllI‘I‘IIII‘I nej -Illllll‘llun Pht l l | nm (" l~I|.qu|I tlll‘l“l"l’I‘;I b I I nm ‘I:III"II.II n -1r|~l-.-ur||'|m 1IIIIIII‘I I I I t.wluun
**Actinide series “80 ”IS;:)I“I rl‘v91 92 93 96 98 100 101 102
Ac|Th|Pa| U | Np Pu Am|Cm Bk Cf| Es|Fm|{Md| No
221] .04 | 238,08 227] 244] 247 [247] [247] 1251) [252] [257] [258) 1259




sometimes detectable

1y I|~1u|-n ] helium
H (not always simultaneously) Ha
L_" 84 " HST required I; N
! e . e
L | oo (or makes big improvement)
1 im II|.|'II11v2)I m ( 1 ;uv r 113 1
N a Mg Cl | Ar
& 'jlgl n calcium :~-un2‘-1ln'n titanium V ‘I“‘z':];”” --Iunz-lzum 1F m;usn--w iron I alt || I- d| Ir|4§|15| e I-.ré.'é'u
K Ca Sc|Ti| V Fe Co N | Br | Kr
rubidium |I mn I m vitrium Zirconum m“”" technetium IIII'IA‘I4II|I'II I 4|‘I5IIII i |I46hn| i "SII:I;I 3 v;ln
Rb Sr Zr | Nb | | Xe
aesium I m n e hafnium 1a nl In { 74 rthenium u'—.lggwu f ée 1
Cs Ba * Hf Ta W | Re H g At | Rn
. 183.84 86.2 [219 [222]
francium ra Ir K5 " 103 llIr;Bzhll I I —;0”5' S .1‘64(1;””1 ﬂ;g;m 1II1II2II
Fr Ra x| Lr | Rf | Db | Sg | Bh
223 226 [262] [261] [262] |266] [264]
. L . t h - d s EuHiEg lanthanury msngn pras --s-lgm'lun neodymium | pre -né-1l Hum | s uuénznlm europum qadoliniury I¢ I| Il m I‘.:-:évs:wllun holmium »—'IGuBm (] g‘:l)n EI]
La|Ce| Pr|Nd|Pm Sm Eu | Gd Tb Dy | Ho | Er Tm Yb
: |"‘v|-'" ‘nl-ffuﬁ.][ m II]LllI‘I‘IIII‘I nej -Illllll‘llun Pht l l | nm (" l~I|.qu|I tlll‘l“l"l’I‘;I b I I nm ‘I:III"II.II n -1r|~l-.-ur||'|m 1IIIIIII‘I I I I t.wluun
** Actinide series “80 ”'53'“ "ot 92 93 96 98 100 | 101 102
Ac|Th|Pa| U | Np Pu Am|Cm Bk Cf| Es|Fm|{Md| No
227] 1.04 | 23808 227] 244] 247 [247] [247) [251] 1252) [257) [258) 1259)




sometimes detectable

H (not always simultaneously) He
L 84 HST required C N : O Ig N
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Some stars are highly enriched in neutron-capture elements.







Some stars are missing neutron-capture elements.




Some stars are missing neutron-capture elements...?







Are there any stars lacking neutron-capture elements?




‘ Are there any stars lacking neutron-capture elements? ‘
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Are there any stars lacking neutron-capture elements?

Literature sample:

707 halo field stars

with Z < 755 Zsun  ([Fe/H] < —2.0)




Are there any stars lacking neutron-capture elements?

Literature sample:

707 halo field stars
69 stars in Local Group dwarf galaxies

with Z < 755 Zsun  ([Fe/H] < —2.0)
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At most, they are extremely

rare in existing samples.
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metal-poor red giant stars

high spectral resolution
high S/N in the blue




RESULTS FROM (part of)
a ten-year observing campaign with the MIKE spectrograph at Magellan:

metal-poor red giant stars 84 stars with [Fe/H] < -2.5

high spectral resolution R ~ 40,000
high S/N in the blue S/N>60 @ 4100 A

see Roederer et al., Astronom. J., 147, 136 (2014)




RESULTS FROM (part of)
a ten-year observing campaign with the MIKE spectrograph at Magellan:

metal-poor red giant stars 84 stars with [Fe/H] < -2.5

high spectral resolution R ~ 40,000
high S/N in the blue S/N>60 @ 4100 A

Strontium and barium are detected in every one of these stars.

see Roederer et al., Astronom. J., 147, 136 (2014)







Are there any environments lacking neutron-capture elements?
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neutron-capture elements
have been found in ...
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Are there any environments lacking neutron-capture elements?
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Neutron-capture elements are rarely, if ever,
missing from the star-forming environments
that built up the Milky Way and its neighbors.
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These carbon-enhanced and ridiculously iron-poor stars
formed from only the metals produced
by one zero-metallicity star.
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Other heavy elements in these stars indicate the presence of
r-process material.
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IF

these carbon- or nitrogen-enhanced metal-poor stars
were enriched by products
of zero-metallicity supernovae only,

THEN

the presence of these heavy elements
indicates that at least one form

of heavy-element nucleosynthesis
operated in some of the first stars.
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