. Molecules .
at the Relonlzatlon Epoch

,' CO/HZ and OHICO: from Low Metallicit ‘es to'High

3 Iomzatlon Rates(
4

- : . ...
Y | POMRIEE I - .. 'al-'\_‘..-

- . Shmuel Bialy & Amiel Sternberg -
- Tl Aviv UnlverS|ty Sy '

E 1409 6724




Basic Questlon

e i S R S SN FETER B s

Intro

During the reionization epoch stars (pop-Il) formed in very low
metallicity gas clouds

Model
Results

Summary

Pop-Il stars in the halo - down to Z=104° (Caffau+12)

Metal-poor DLAs up to redshift 5 - down to Z=10-%7 (Rafelski+13)



Basic Questlon

B TR GO RN IR SRR K TERIR

Intro

During the reionization epoch stars (pop-Il) formed in very low
metallicity gas clouds

Model
Results

Summary

Pop-Il stars in the halo - down to Z=104° (Caffau+12)

Metal-poor DLAs up to redshift 5 - down to Z=10-%7 (Rafelski+13)

What are the chemical properties of dense
clouds “GMC-analogues” at low
metallicity?




Basic Questlon

ST SRR IR OSSN PSSR A T

Intro

Mode What are the chemical properties of dense
Results clouds “GMC-analogues” at low
i metallicity?

4



Basic Questlon

ST SRR IR OSSN PSSR A T

Intro

Model What are the of dense
Results clouds “GMC-analogues” at low

Al metallicity?

4



Basic Question

Intro

Model

Results

What are the of dense
clouds “GMC-analogues” at low

‘il metallicity?

abundances — cooling — star mass

pop-lll to pop-ll transition (e.g., Bromm+03, Omukai+05)



Basic Questlon

Intro

Model

Results

‘il metallicity?

B TR GO RN IR SRR K TERIR

What are the of dense
clouds “GMC-analogues” at low

abundances — cooling — star mass

«  pop-lll to pop-Il transition (e.g., Bromm+03, Omukai+05)

atomic & mol. transitions = probes of star-forming gas

C 11 158 ym, CO rotational ladder (mm wave FIR)

conversion factor aco — molecular mass



Basm Questlon

Intro

Model What are the of dense
Results clouds “GMC-analogues” at low

S metallicity?

1. May be atomic (H) rather than molecular (H2)
2. OH-dominated versus CO-dominated gas

3. CO/H: variations with Z, ionization rate and density

o




Model

PRI TN FERep T PSS A AN NT

Intro
Mode - Lyman-Werner band blocked
Results (11 2-1 36 eV)
Summary
- CR, X-rays

+ FUV (E<11.2eV)

H: self-shielding

Lyman-Werner

Cosmic-Rays
X-rays
far-Uv




e i S GO RN SR S NS SN S A = TR

Intro

lon-mol. network (+ H2 on dust a Z)

Model \“/
e Steady state formation destruction eq.
Summary \H/

Species abundances

(—Ivd rogen netwo@ COxv_qen network)

H H
L
| \
r .
_ 2




Parameters

SRR~ OSSR iR S FERep T

Intro

— 074 gas metallicity relative to solar

-1
Results « ( (s ) lonization rate (via CR/Xray)

Summary -3

°
-

~~
P
3

~—

total hydrogen number density

SRl (K) temperature

-3
Fruv (cm ) far-UV flux




Parameters

:::el ez gas metallicity relative to solar
S L (8_1) ionization rate (via CR/Xray)
i *n (Cm_s) total hydrogen number density
(R temperature
* Fruv (Cm-s) far-UV flux

« We examine w/o FUV, here | will show FUV=0ff
« CO to OH transition - insensitive to FUV

- Weak dependence on T (for 10<T<300 K) - we assume 100 K



Parameters

:::el ez gas metallicity relative to solar
S L (8_1) ionization rate (via CR/Xray)
i *n (Cm_s) total hydrogen number density
(R temperature
* Fruv (Cm-s) far-UV flux

« We examine w/o FUV, here | will show FUV=0ff
« CO to OH transition - insensitive to FUV

- Weak dependence on T (for 10<T<300 K) - we assume 100 K

{ The relative abundances ni/nj=f(Z, {/n )]




Parameters

Intro

Model

Results

Summary

/ [ 2 D parameter space }

{ The relative abundances ni/nj=f(Z, {/n )}




Intro

Model

Results

Summary

/ [ 2 D parameter space }

¢/n

{ The relative abundances ni/nj=f(Z, {/n )}




1D cuts at fixed {/n

(16/N3=1



Intro
Model
Results

Summary

ni/n

Ho-to-H transition

0
H H2
10 "fgas ! dust .
0
107 10° 107 107 10

[

1.
2. gas phase

Ho formation

dust grains a Z

H+e - H+v
H+H->Hx+e

\

Ho-to-H transition
Z=1072




Intro
Model
Results

Summary

ni/n

Ho-to-H transition

0
q Ty
10 "fgas ! dust
2
107 10° 107 107" 10

-

1.
2. gas phase

Ho formation

dust grains a Z

H+e - H +v
H+H->Hx+e

~N

Ho-to-H transition
Z=1072




Intro
Model
Results

Summary

ni/n

Ho-to-H transition

0
H H2
10 "fgas ! dust .
0
107 10° 107 107 10

[

1.
2. gas phase

Ho formation

dust grains a Z

H+e - H+v
H+H->Hx+e

\

Ho-to-H transition
Z=1072




H2-to-H transition |
0 3 4 Ho formation )
SR 10 oo porrrr ' """'IH' IIHIHE
i —2 1. dust grains a Z
Model i ; 2. gas phase
| £ 107"gas:dust | H+e —H +v
esults C : H+H-o>H,+e
Summary [
10—2 . H>-to-H transition
-4 -3 -2 ~1 0
10 10 10 10 10 7=10-2




Intro
Model
Results

Summary

Ho-to-H transition

LR H T ""|H2' T
£ 10 '[gas!dust .
- : :
0
10 10° 107 10" 10

ni/n

-

1.
2. gas phase

Ho formation

dust grains a Z

H+e - H +v
H+H->Hx+e

~N

Ho-to-H transition
Z=1072




Intro
Model
Results

Summary

ni/n
o

ni/n

Ho-to-H transition

RN H rorTrTTT ' """'IH' rrTTTT

~'lgas  dust

(

1. dustgrainsa Z

\

Ho formation

2. gas phase
H+e - H+v
H+H->Hx+e

Ho-to-H transition
Z=1072

[ H> regime \
CO >>O0H, CH
metals aZ

\ OH al/Z /
4 )

Hreqgime
OH >> CO, CH
COaZ?

K OHaZ j




Ho-to-H transition .
° : 4 Ho formation )
. | : : 1. dust grains a Z
Model - ' 2. gas phase
Result E 10_1:_gaSEdUSt H+e > H +v
. = : : H+H ->Hx+e
Summary

Ho-to-H transition
Z=1072

4 Ho regime N
CO >> OH, CH
metals aZ

\_ OH a1/Z Yy
4 A

Hreqgime
OH >> CO, CH
COaZ?

\_ OHaZ y

ni/n




Intro
Model
Results

Summary

ni/n
o

ni/n

Ho-to-H transition

RN H rorTrTTT ' """'IH' rrTTTT

~'lgas  dust

(

1. dustgrainsa Z

\

Ho formation

2. gas phase
H+e - H+v
H+H->Hx+e

Ho-to-H transition
Z=1072

[ H> regime \
CO >>O0H, CH
metals aZ

\ OH al/Z /
4 )

Hreqgime
OH >> CO, CH
COaZ?

K OHaZ j




Ho-to-H transition .
° : 4 Ho formation )
. | a 1. dust grains a Z
Model - ' 2. gas phase
Result E 10_1:_gaSEdUSt H+e > H +v
. = : : H+H ->Hx+e
Summary

Ho-to-H transition
Z=1072

4 Ho regime N
CO >> OH, CH
metals aZ

\_ OH a1/Z Yy
4 A

Hreqgime
OH >> CO, CH
COaZ?

\_ OHaZ y

ni/n




Intro
Model
Results

Summary

ni/n
o

ni/n

Ho-to-H transition

RN H rorTrTTT ' """'IH' rrTTTT

~'lgas  dust

(

1. dustgrainsa Z

\

Ho formation

2. gas phase
H+e - H+v
H+H->Hx+e

Ho-to-H transition
Z=1072

[ H> regime \
CO >>O0H, CH
metals aZ

\ OH al/Z /
4 )

Hreqgime
OH >> CO, CH
COaZ?

K OHaZ j




Intro
Model
Results

Summary

ni/n

ni/n

~'lgas  dust

Ho-to-H transition

(

1. dustgrainsa Z

\

Ho formation

2. gas phase
H+e - H+v
H+H->Hx+e

Ho-to-H transition
Z=1072

[ H> regime \
CO >>O0H, CH
metals aZ

\ OH al/Z /
4 )

Hreqgime
OH >> CO, CH
COaZ?

K OHaZ j




Intro
Model
Results

Summary

ni/n
o

ni/n

Ho-to-H transition

RN H rorTrTTT ' """'IH' rrTTTT

~'lgas  dust

(

1. dustgrainsa Z

\

Ho formation

2. gas phase
H+e - H+v
H+H->Hx+e

Ho-to-H transition
Z=1072

[ H> regime \
CO >>O0H, CH
metals aZ

\ OH al/Z /
4 )

Hreqgime
OH >> CO, CH
COaZ?

K OHaZ j




H2-to-H transition
0 ° 4 Hz formation )
SR 10 ¢ —TH T T

o ; e 1. dust grains a Z
Model i 2. gas phase

- —1 : dust H+e - H +v
Results = 10 :gas  AUS E

c i : H+H->Hx+e
Summary f N\

Transition from CO to OH-dominated gas
ansition

Correlated with H2-to-H transition JO'Z

&

(640
OH

CH



Intro
Model
Results

Summary

. Ho-to-H transition 4 H, formation N\
10 N R Tamas
—2 1. dust grainsa Z
_ 2. gas phase
10 "fgas ! dust H+e —H+v
- H+H->Hx+e
N\
Transition from CO to OH-dominated gas
ansition
Correlated with H2-to-H transition 0~
N ! Vi

:

At low metallicities, OH may be a
better molecular tracer than CO

]

CH



Thermal Emssmn

MO RN ORI IR BIERs IR

Intro
Model
Results

Summary

Energy E/kg [K]

300

N
o
o

100

OH rotational transitions

IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIII

2 2
1/2 3/2
3 +
4>
+ 2 J=7/2
1
J=3 3 - >
£ 163.1 ;
— 2
1
_— viv 1
. 84.60
J=1/
+ 3 1
—— 0
3 - A 4
2
J=5/2
3 + L
2
119.23
119.44
79.18
2 +
1
J=3/2
79.12 —;>——1;
2 —
—

(in um)

1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1

250

20

w
o

o
(@]

Energy E/hc [cm™']

50

0

CO ladder

» E/k

3 33.2 %K

A=0.87 mm (345 GHz)

2 16.6 °K

A*1L.3 mm (230 GHz)

| —. 5.5 °K

re2.6mm(115GHz)




Full 2D Results



= amnan 10 « H, formation a nZ
Intro

E « Horemoval a (
Model 10

o
Results ! _

N 10 1
Summary ]

107}




« H, formation a nZ

Intro

« Horemoval a (
Model
R It . .
esults « Transition line;
Summary (16/n3 = 102Z




R " + Ha formation a nZ
Intro

- « Horemoval a (
Model E 10

©
Result ! iti '
esults [\ 10_15. « Transition line:
Summary (16/n3 = 102Z




10" - H> formation a nZ

Intro

- « Horemoval a (
Model E 10

©
Result ' iti '
esults |\ 10_1? « Transition line:
Summary (16/n3 = 102Z

CO-to-OH transition
correlated with the Hz-to-H




R " + Ha formation a nZ
Intro

- « Horemoval a (
Model E 10

©
Result ! iti '
esults |\ 10_1? « Transition line:
Summary (16/n3 = 102Z

CO-to-OH transition
correlated with the Hz-to-H

Insensitive to FUV >




10’ « H», formation a nZ
Int
e - - Hzremoval a (
Model E 10°
©

pepiits TN - - Transition line:
Summary 2 C-16ln3 ~102Z7

1073

10

10

CO-to-OH transition
correlated with the Hz-to-H

( Insensitive to FUV >




— CO/H2 ratio -
o | IMportant for CO optical depth and aco

Model
Results 2 CO/H2
10
Summary -
10" -
™
C' 100 ....................
~
© !
\j\ 10_1 .............
107200 .
107
10



R CO/Hz ratio - / H2 regime \
o | Important for CO optical depth and aco |. coH,qz

Model - Alarge fraction of the

CO/H2 carbon is always locked
s \_in CO .

Results

Summary




R CO/Hz ratio - / H2 regime \
o | Important for CO optical depth and aco |. coH,qz

Model - Alarge fraction of the

CO/H2 carbon is always locked

Results
) .
10 , in CO
Summary | \ /
3
10 - / Hregime \
c 10" ~ 2 + CO/Mz a 22
- | « COvanishes
) -1 5 N
N 10 - ... ...... \ /
107
10



Summary

Intro

Hz regime Hregime
Results . CO dominated «  OH dominated
Summary

. COM,+Z o

- Alarge fraction of

the carbon is in CO CO vanishes

1
1 H ~<C—16/n3 = 1022)
10 -
0| |
10° |
™ F
< H:>
3 o co
NS 1072
_3:
10 e
10°  107°_ 10" 10°



. '. “GMC#like (st_ar—forming) clouds for the Pop—'I.I ;
generation may havé been OH-dOminat_‘e.d and -
_-atontic rather than. CO-dominated and molecular.”

Bialy & Sternberg .. - - E . .
©arXiv 1409.6724 T

.‘;




e Slides

Intro FUV=0 carbon network
CrX|
Model
OH, 0
Zkijl(T) n;n; + ¢ ZGB n; + Ty, ZCLE7 nj] e 2 o, .
Results L j j C  |leesSSi ¢ le_He" 1 co
Summary =n; {Z kja(T)m + ¢ lz ay + i, Zai] } )
il i J

D P
a;; Tj + THy Qij Tj
J J

Z k?ijl(T) T;x; + £
il "

Jjl J J

co e CH, H, CH O_’E{cc)o+
F UV: 1 Hl Euv UVE lH
Voo
z kijl (T) T;T, + % Z a?j Tj + TH, Z a,g. g;j] Figure 3. Formation-destruction pathways for CH and CO.
gl J J

* IUTVZ% Tj = T {Zkﬂ'“(T)x‘

j gt
Zaﬁ + tzZa’_l;i + IUTVijz}
j J ’

s
n




n ] ] ,_A 4 : :
Additional slides > .
o 35 Draine 1978
» 3
Intro FUV 1 i
= (7)) i
o 2.5
Model
) : 5
Results S 150 Diluted 10°K
©
i 1 L
Summary 00-
2 0.5
LLUJ l
6 8 10 12 14
E (eV)
Table 2. Photorates for Iyy = 1
/ . — JV spectrum and our diluted 10° K black-body
Reaction Threshold (eV) Photorate I' (10~ " s ") "uv = 1 (see text). The light shaded region is the
Draine Diluted 10° K
thin LW-blocked thin LW-blocked
OH+v - O+ H 6.4 3.8 2.8 4.7 2.5
H,O + v — O + Hy 9.5 0.49 0.28 1.1 0.32
H-O + v - OH + H 6.0 7.5 5.5 11.7 4.8
O +v —-0+0 7.0 7.9 7.0 94 5.1
CH+v »>C+H 3.4 9.0 8.8 5.5 4.7
CO+v —>C+0 11.5¢ 2.6 0.0 14.2 0.0
C+v > Ct+e 11.3 3.2 0.0 10.1 0.0
CH + v - CH" + e 3.4 7.7 0.97 21.3 1.4
H +v > H + e 0.75° 145.2 145.1 23.1 20.7

4 CO photodissociation occurs via absorption-line predissociation (Visser, van Dishoeck & Black 2009)
and 11.5 eV is the lowest photon energy in this multiline process.

b In computing the photodeatachment rate we adopt the normalized Draine and diluted 10° K photon
intensities from 13.6 eV all the way to the H™ electron detachment threshold of 0.75 eV.
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