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® Introduction

o He4

o Li7







Measurement of He in HIl region- .. .~ =
OB stars ionize H and He .

E(HI)= 13.6eV, E(Hé\—24 6eVE(HeII) 56 4eV

® Recombination lines NGC 6611

l L LLe e T

® measure Hell/HI r FIUXGSS ff
HIl \/\/\/\/\

N - UAVAVAVAN

Recombination Lines O.B Stars Hell
¥ T ~ 30000-50000K
Hell



Energy Level Diagram of Hel

Benjamin, Skillman, Smits 1999, ApdJ 514,307
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Abundance of singly ionized Heliumy+ _ o (Hell) /n(HI)

. F(\) EHP) ([ W(HP) WA + aner \ | povces 1
YOS FHS) BV (W(Hmam)( W )10 3

:Theoretical emissivity scaled to Hf3

: observed line intensity
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Abundance of singly ionized Heliumy+ _ o (Hell) /n(HI)

. F(\) EHP) ([ W(HP) WA + aner \ | povces 1
YOS FHS) BV (W(Hmam)( W )10 3

:Theoretical emissivity scaled to Hf3

: observed line intensity




Reddening and Stellar absorption

® Reddening (extinction) scattering and absorption

by interstellar dust
N

I)\ — [)\()6
== Cf()\) extinction law
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Ho/HpB, Hy/HB, H6/HB = C(HpB), ay;

® correction for stellar absorption
N =200 (W()‘) U aHI) W: EW (equivalent width)

W(A)
. . Lyg = W(HB)L,(\4861)
® reddening correction

o F
e (A el 10/ NC(HB)
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Abundance of singly ionized Heliumy+ _ o (Hell) /n(HI)

. F(\) EHP) ([ W(HP) WA + aner \ | povces 1
YOS FHS) BV (W(Hmam)( W )10 3

:Theoretical emissivity scaled to Hf3

— theory
: observed line intensity
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Theoretical emissivities

Benjamin, Skillman, Smits 1999, ApJ 514,307 [BSS]

E(HB)/E(3889) = 0.9047~0-173-0.00054n.

E(HB)/E(4026) = 4.20770-090-0.0000063n,
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Helium Abundance

W(Hﬁ) W()\) + QHel (AN C(H )i
(H6)+am>( W(A) )10”0 ’ I

determine
parameters
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Temp. measurement from [OIll] lines

OIII Osterbrock’s text book §5.2
I Jaa959 + Jasoor _ T.73 exp((3.29 X 10*)/T]
INA363 IR 10_4(ne/T1/2)

A4363

€ = = = = = - - - - = - - -

A 4959

j(A4959) + j(A5007)//(A4363)

== == -

15,000°

Temperature T
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Recent Works

® |zotov & Thuan 1998, 2004
® 45 (89) low metallicity HIl regions
® use [Olll] emission lines to determine T  T'(Hell) = T'(OIII)

Y, = 0.244 + 0.002

® Peimbert,Peimbert & Ruitz 2000
® HIl region NGC 346 in SMC
® use Hel emission line to determine T  T'(Hell) < T'(OIII)

Y, = 0.2345 + 0.0026

® Luridiana et al 2003
® 5 metal poor Hll regions

Y, = 0.239 + 0.002



|zotov, Thuan 2004

e this paper
o IT98

¥« other data
|

10%(0/H)

e this paper
o IT98

¥« other data
|

P RS NI S B P TS NS SR B
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3 He I lines

e this paper
o IT98

¥ other data
Il L

108(0/H)

60 80 100
107(N/H)

; ; :
5 He I lines

e this paper
o IT98

¥ other data
Il

60 80 100
107(N/H)

Fig. 2.— Linear regressions of the helium mass fraction Y vs. oxygen and nitrogen abun-
dances for a total of 82 H 11 regions in 76 blue compact galaxies. In panels a) and b), YV
was derived using the 3 A\4471, A5876 and A6678 He I lines, and in panels ¢) and d), Y was
derived using the 5 A\3889, \4471, \5876, A6678 and \7065 He T lines.




Number of Oxygen Nitrogen
Method H 11 Regions Regression Regression

3 He 1 lines®? 45 0.2451+0.0018 + 21+21(0O/H) 0.245240.0012 + 603+£372(N/H)
3 He 1 linesP 89 0.2429+0.0009 + 51+ 9(O/H) 0.2439+0.0008 + 1063+183(N/H)
5 He 1 lines®4 7 0.242140.0021 + 68+22(0/H) 0.244640.0016 + 1084+442(N/H)
5 He 1 lines®:® 7 0.2444+40.0020 + 61+£21(0O/H) 0.2466+0.0016 4+ 954+411(N/H)

2Data are from IT98.

POnly collisional and fluorescent enhancements are taken into account. We have adopted T.(He 11) = T.(O 111) and
ICF(He) = 1.

¢Collisional and fluorescent enhancements of the He 1 lines, collisional excitation of hydrogen lines, underlying He 1 stellar

absorption and differences between T¢(He 11) and T, (O 111) are taken into account. ICF(He) is set to 1.

dCalculated with EW,(H8 + He 1 3889) = 3.0A, EW,(He 1 4471) = 0.4A, EW,(He 1 5876) = 0.3 EW,(He 1 4471),
EW, (He 1 6678) = EW,(He 1 7065) = 0.1 EW, (He 1 4471).

°Calculated with EW,(H8 + He 1 3889) = 3.0A, EW, (He 1 4471) = 0.5A, EW,(He 1 5876) = 0.3 EW,(He 1 4471),
EW,(He 1 6678) = EW,(He 1 7065) = 0.1 EW, (He 1 4471).




T(Hell)/T(OIll)

Peimbert, Peinbert, Luridiana (2002)

T(OIII)=20000

T(OIII)=17500

T(OIII)=15000

T(OIII)= 12500

T(OIII)=10000

000 0.01 002 003 004
t2(HIT) =t2(0111) =t2(Hell) =12

FiG. 1.—The ratio T,(He n)/T,(O m) as a function of T, (O m) and
temperature fluctuations for the case in which all the O is O**. When O+
is present, higher ¢? values are expected, particularly for those objects with

the highest T,(O m) values (see Fig. 2). Typical t* values in H 11 regions are
in the 0.01-0.04 range.

average temp

B
T el

1o

mean square temp
variation

g R N i oA A
s 2 o 1

pure OIIT nebula

T (Hell) = T(OI) [1 - (90800 ~0.2

T (OII)
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Recent Works (cont.)

® Olive & Skillman 2004
® / Hll regions of IT98
® use Hel emission lines to determine T

® underlying stellar absorption

Y, = 0.249 + 0.009

® Fukugita, MK 2006
® 33 HIl regions of IT04

o O 1 issi I to det . |
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Y, = 0.250 % 0.004



Olive, Skillman 2004

Y, = 0.2491 £ 0.0091 No = 6.6475%5
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Helium Abundance in HIIl region

Fukugita,Kawasaki (2006)




Without stellar absorption

Fukugita,Kawasaki (2006)

— Y, = 0.234 =+ 0.004
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New Determination of Yp

Use of new computation of Hel emissivity
Porter, Bauman, Ferland, MacAdam 2006

® Peimbert, Luridiana & Peimbert 2007 PBFM
® 5 Hll regions of IT98
® use Hel emission lines to determine T

Y, = 0.249 + 0.009

® |zotov, Thuan & Stasinska 2007

® 93 Hll regions (HeBCD) + 271 HIl regions in
SDSS DR5

® T(Hell) = (0.95 - [.0)T(Olll)
® underlying stellar absorption

Y, =0.2516 = 0.0011




New Emissivity

—

I\Illll

Temperature/10* K




|zotov, Thuan, Stasinska 2007

T T T T T T T T . T T T T T T T T I T T
Benjamin et al. (2002) Porter et al. (2005)
0/H=0/H[T,(He")] 1 i 0/H=0/H[T (He*)]

| Y=(0.2472+/-0.0012)+(43.37+/-8.10)(0/H) ] L Y=(0.2516+/-0.0011)+(39.81+/—7.18)(0/H)

100 200 ' 100 200
10%(0/H) 108(0/H)

PBFM
Yoo — 02400 =) (001D Yo =) 251 i (L0




Systematic errors

He | emissivity
T(OIll) may be different from T(Hell)

Underlying Hel stellar absorption

Collisional excitation of hydrogen emission lines
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Error Budget IT (2007)

Property

He I emissivity
T.(He™) = (0.95 — 1.0) xT,(O 111)

Underlying He 1 stellar absorption

Collisional excitation of hydrogen emission lines
ICF(He' + He?")




Yp History

WMAP3 prediction







Li/
Spite plateau [Spite & Spite (1987)]

constant Li7 abundance in warmest metal-poor stars

=P Primordial abundance of Li 7

O T <5700K O T >5700K

Bonifacio, Molaro 1997
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Recent works
® Bonifacio & Malaro (1997)

® 4| metal-poor stars

® |RFM to determine T

® no dep.on [Fe/H]
log,o("Li/H), = —9.762 + 0.012(sta) & 0.05(sys)

® Ryan et al. (2000)
® 23 metal-poor field stars

e |RFM

® correlation between Li and [Fe/H]

log,o("Li/H), = —9.91 £ 0.10



Infrared flux method

e Effective Temperature

F : surface flux
O'Télff == f(T/R)2 f : observed flux
r : distance to star
R : Radius of star
® Monochromatic flux

f (M\): observed monochromatic flux
F(A): monochromatic surface flux

(r/R)* = F(A)/f(A)

e e Ay, el W B e e e s P i e el e
; Ll A RS Pl s e s SR s e X o R L MR et 2 b el Rl
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log,o("Li/H) = (—9.95 4+ 0.05) + (0.118 £ 0.023)[Fe/H]

I r||l|||

I
|

T |II|II|

I

Li total

51i

7Li primordial
1i GCR

‘Li v—proce

Ryan et al (2000)




Recent works (cont.)
® Bonifacio et al. (2002)

® |2 stars in metal-poor globular cluster
NGC6397

log,o("Li/H), = —9.66 £ 0.056 Fe/H] = —2.03

® Melendez & Ramirez (2004)

® 4| metal-poor dwarf stars
® new calibration of IRFM === higher Li abundance

® no correlation between Li and [Fe/H]

log,o("Li/H), = —9.63 & 0.06




<A,> = 2.37 dex (o= 0.06 dex)
T, > 6000 K

eff

-2.5 -2.0

[Fe/H]

@ A A
e By Aann b D

Melendez & Ramirez (2000)




Recent works (cont.)
® Asplund et al. (2005)

® 24 metal-poor halo dwarfs

® H« line profile to determine T

T = 6364K (£200)
® correlation between Li and [Fe/H]

log,o("Li/H), = —9.90 & 0.06

® Bonifacio et al (2006)

® |9 metal-poor dwarf stars

0.6
654 655 656

Waveleng

® Hu line profile to determine T

® no correlation between Li and [Fe/H]

log,o("Li/H), = —9.90 £ 0.09




log,("Li/H) = (—9.59 £ 0.02) + (0.103 £ 0.010)[Fe/H]
Asplund et al (2005)
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Bonifacio et al (2006)




Effect of different temperature scales

Bonifacio et al (2006)

X

-34 -3.2 -3 -2.8 -2.6 —2.4

- il Melendez & Ramirez
— This work — RO1 (ZOOO)

C l 1 1 L L I L L 1
-3.2 -3.0




Lithium Problem

® WMAP Prediction
log,o("Li/H), = —9.35 4 0.10 N
® Observation large discrepancy

log (Al /Bl )= =0.90-

. D I . 7
pletion !
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Rotational mixing and Li7 abundance

Pinsonneault et al (2002)

® Rotation induces mixing in ANBbase
the radiative interiors of T st

— — s1Li;=2.61

stars, leading to surface Li
depletion during main-

D7 = 0.18 dex (s0)
sequence phase = 0.32 dex (s0.3)

® Ryan, Norris & Beers (1999)

sample is fully consistent
with mild rotational mixing
induced depletion

= - =021+0.1

= 0.50 dex (sl)

12 13 14 15 16 17 18 19 20 21 22 23
(L]







Li6
® Asplund et al (2005)

® Li6 was detected in 9 out of 24 metal-poor halo dwarfs

® Detection of Li6é in very metal-poor star LP 815-43

°Li/"Li = 0.046 4 0.022 [Fe/H] = —2.74
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[V

Detection of Li6

LP8I5

LP815-43, 1D 6
- | %L
g Licoroe e 1 S

670.76 670.78 670.80 670.82
Wavelength [nm]

43

20

[ LP815-43, 1D

Asplund et al (2005)




Detection of Li6

Asplund et al (2005)




Li6
® Asplund et al (2005)

® Li6 was detected in 9 out of 24 metal-poor halo dwarfs

® Detection of Li6 in very metal-poor star LP 815-43

°Li/"Li = 0.046 + 0.022 [Fe/H] = —2.74

This Li6é abundance may be primordial
e SBBN prediction
B °Li/"Li~3x10"°




Chemical evolution model
® spallation process (p + O,C,N)

® - fusion reactions







D

® Absorption lines in Damped Ly systems along
sight lines of QSOs
® Burles & Tytler (1998)
PKS 1937-1009 (z=3.572) D8l = (325 = 0.2) s 1102
Q 1009+299  (z=2.504) Di/Hemc3.080 000 e 02
® O’Meara et al (2001)
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D absorption in QSO spectrum
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D/H vs N|-||

PKS1937

|

X

HS0105
Q1243

No plausible mechanism to explain correlation




D/H vs N|-||

SDSS1558 1

PKS1937

|

]

HS0105
Q1243

However, a single value for D/H is still not supported




D/H vs Nn; weighted mean
DI S2ETIRG S (2

SDSS1558 1

HSO0105
Q1243

However, a single value for D/H is still not supported




Conclusion

TTHRERDIEFEHANII<E>TWVWE WS
. D BRBLREENLHRZITOICIED - &
AL EDIEEHNNE

R ZRER RO S =ENE




CMB Measurements
S03 WMAP only l®

S03 WMAP + other PN

D/H Measurements
K03 Q1243+3047 -

PBO1 Q2206-199 -
001 HS 0105+1619

001 PKS 1937-1009 Fa

001 Q1009+299 |

He/H Measurements

. LPPCO3

| | PPROO
I'T98

IT98 subsample

re-analyzed here

-9.5
log (Baryon—to—Photon Ratio) (7)




Extinction Law Comparison

Whitford (1958) as parameterized by Miller & Mathews 1972
and Izotov, Thuan & Lipovetsky 1994

— v | v v v v
Extinction Laws Compared

CCM - Whitford

He 1 A3889
He 1 A4026
He 1 A4471
He 1 A\5876
He 1 A\6678
He 1 A7065
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Extinction Curve
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10,000 K (R68)
10,000 K (BSS)
20,000 K (R68)
20,000 K (BSS)
BSS fit

- — - IT(98) fit

Decrease with increasing temp
is due to decreasing population
of 23S by collisional excitation
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Benjamin, Skillman, Smits 2002,
ApdJ 569,288




BSS limited fit
BSS full fit

Wl Fitting formula
f(7) =
1+ (7/2)[a + (bg + bine + ban3)T]

(a0

e
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50
=

large difference
from IZ 98

Benjamin, Skillman, Smits 2002,
ApdJ 569,288
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New Emissivity
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1.5
Temperature/104 K




Optical depth functions

—0.106 + (5.14 x 1075 — 4.20 x 10~ Tn. + 1.97 x 10~ 002)T)]
0.00143 + (4.05 x 107* 4 3.63 x 10~%n,)T)
0.00274 + (8.81 x 107 — 1.21 x 10~ %n,)T)]

0.00470 + (2.23 x 1073 — 2.51 x 107 %n,)T)

1+ (7/2) [0.359 4 (—3.46 x 1072 — 1.84 x 10 *n, + 3.039 x 10~ "n2)T)]

T = T3g89 = 1(2°9) 03889 Rs

n(2°S) :density of HeI in the metastable state
Rgs  :Stromgren radius




Crighton,Webb, Ortiz-Gil, Fernandez-Soto (2004)
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