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NGC 1332
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In the infrared (IR) we can observe: .
dust continuum <=>‘amount and Tk of dust

ALMA (NRAO/ESO/NAQJ) /
Hubble Space Telescope (NASA/ESA) /
Carnegie-Irvine Galaxy Survey



NGC 1332

Hubble ALMA

r

[Barth+16]

In the infrared (IR) we can observe:

dust continuum <=>‘amount and Tk of dust
line emission <=> amount, motion and state of gas

ALMA (NRAO/ESO/NAQJ) /
Hubble Space Telescope (NASA/ESA) /
Carnegie-Irvine Galaxy Survey



Observing the gas at high redshift

IRyA, UNAM, June 29 2017



Observing the gas at high redshift

Forbidden atomic emission lines from
the warm-phase interstellar medium (ISM)

IRyA, UNAM, June 29 2017



Observing the gas at high redshift

Forbidden atomic emission lines from
the warm-phase interstellar medium (ISM)

3P2
157.7um [CII] 88.4um [OllI]

P12 e 3P+

IRyA, UNAM, June 29 2017



Observing the gas at high redshift

Examples
157.7um [Cll] 88.4um [OllII]
L5l 00003 ' | ol ﬁ 7=8.38 A2744YD4
% 1.0 | 'E'g _ M I —
jg 0.5} % o JNW}\']J(HUW ]\HHUL ]ﬂr”ﬂmu gU Wuﬁwmwl D ﬂ
o ~500 0 500 1000 %()361 TR s - 364
Velocity offset (km/s) frequency [GHz]
1.6hrs ALMA time (u~1.13) 2.5hrs ALMA time (u~2)
[Willott+15] [Laporte+17]

IRyA, UNAM, June 29 2017



Observing the gas at high redshift

Examples
157.7um [CII] 88.4um [OlII]
CLM 1 ‘_: ﬂ S /A'\27'44'YD;r
L5+ [CN] 2=6.1657+/-0.0003 5 1
% 1.0} 'EE _ M I —
jg 0.5} %o JNW}\']J(HUI\{ IMHUL ]ﬂr”ﬂmu gU Vuuﬁwmwl D ﬂ
o -500 0 500 1000 l‘>'§:’:61 — 3é2 | .. 3é3 — 364
Velocity offset (km/s) frequency [GHz]
1.6hrs ALMA time (u~1.13) 2 5hrs ALMA time (u~2)
[Willott+15] [Laporte+17]

Improvement of intrinsic redshift, compared to when using Lya!

IRyA, UNAM, June 29 2017



[CIT]-SFR relation

 |onization potential (11.3eV) below that of hydrogen (13.6eV)
« Excited by collisions with either electrons, atoms or molecules

IRyA, UNAM, June 29 2017



[CIT]-SFR relation

« [Cll] emission higher from gas being heated by star formation
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[CIT]-SFR relation

u 00+ o AERXOIDV B

Kanekar+13
Ouchi+13
Gonzalez-Lopez+14
Ota+14
Schaerer+15
Capak+15
Willott+15
Maiolino+15
Knudsen+16
Inoue+16
Pentericci+16
Bradac+16
Decarli+17
Smit+17
Milky Wa

Local starburst galaxies, [De Looze et al. 2014]
Local metal-poor dwarf galaxies, [De Looze et al. 2014]

<4—0

10

SFR [M, yr1]

100

1000

Both detections and
non-detections!
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[CIT]-SFR relation

at high redshift (?)

Kanekar+13
Ouchi+13
Gonzalez-Lopez+14
Ota+14
Schaerer+15
Capak+15
Willott+15
Maiolino+15
Knudsen+16
Inoue+16
Pentericci+16
Bradac+16
Decarli+17
Smit+17

Milky Way ,

<

Local starburst galaxies, [De Looze et al. 2014]
= = = |Local metal-poor dwarf galaxies, [De Looze et al. 2014]
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7100

~7000

Both detections and
non-detections!

low metallicity (Z)?
disrupted molecular clouds?

high ionization parameter?



Observing the gas at high redshift

Questions that arise:

1. Why is there no strong [CII]-SFR relation?
2. How does Z affect [CII]?
3. What is the origin of [CII]?

4. [Olll] or [Ol] better SFR-tracers?

IRyA, UNAM, June 29 2017



Simulating line emission

IRyA, UNAM, June 29 2017



Simulating line emission

*  Malhotra 2001
e de Looze 2011 -
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IRyA, UNAM, June 29 2017 [Popping+14]



Simulating line emission

Previous work:

_].0 T I I T T _].0 [ T T T I
*  Malhotra 2001
—1.5F <+ delLooze 2011 | —1.5
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at higher z, Lici goes down, but Ljo stays almost constant

Popping+14
IRyA, UNAM, June 29 2017 [Popping ]



Simulating line emission

Previous work:

—1.0 | | | | | |
Malhotra 2001
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at higher z, Lici goes down, but Ljo stays almost constant

- cold gas is distributed in exponential disks
- C* abundance set to scale with carbon abundance
local FUV background field only

no CRs nor turbulence

Popping+14
IRyA, UNAM, June 29 2017 [Popping+14]



Simulating line emission

10 e 1 | | | z ~ 7 galaxy: Strong
T Glsen+ 2015 tota increase in Liciy with

+ Olsen+2015 molecular

metallicity Z
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IRyA, UNAM, June 29 2017

Simulating line emission

Previous work:
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z ~ 7 galaxy: Strong
increase in Licip with
metallicity Z

- metallicity is kept constant across the entire galaxy

- local UV radiation field scales with local SFR

- cosmological simulation, but no stellar feedback on gas [Vallini+15]



Simulating line emission

Previous work:

[Pallottini+17]: an update to the Vallini+15 method, now with stellar feedback

log(2y5/ (M, kpc ) log(Xc/ (M, kpe )) log(Scqp/ (L, /kpc?))
, . | . . ‘ ‘ : N, : . | B |
50 55 6.0 65 70 7.5 8.0 8.5 2.0 24 2.8 3.2 3.6 40 44 48 5.2 5.6 48 52 56 6.0 64 68 7.2 7.6 8.0

z ~ 6 LBG: Much C+ is transported out of the Haz disk, but it does not radiate in [ClI]

[Pallottini+17]
IRyA, UNAM, June 29 2017



Simulating line emission

Previous work:

[Pallottini+17]: an update to the Vallini+15 method, now with stellar feedback

PX

)

-

log(Sys/ (M, kpe ?)) log(Sey/(M, kpe ?)) log(S|cm/ (L, /kpe?))
50 55 6.0 65 7.0 7.5 8.0 8.5 2.02.4 2.8 3.2 3.6 4.0 4.4 48 5.2 5.6 48 52 56 60 64 68 7.2 7.6 8.0

Much C+ is transported out of the Hz disk, but it does not radiate in [ClI]

- variable metallicity, but still uniform UV background

[Pallottini+17]
IRyA, UNAM, June 29 2017
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w SI‘ AM_E (=follow me’ in Spanish)

Simulator of GAlaxy Millimeter/submillimeter Emission

http://kpolsen.github.io/sigame/


http://kpolsen.github.io/sigame/

(=follow me’ in Spanish)

Simulator of GAlaxy Millimeter/submillimeter Emission
Aim:

 derive line emission from all ISM phases simultaneously
cosmological simulations with self-consistent Z

reliable local pressure and radiation field strength

full chemistry

control over the dust!

http://kpolsen.github.io/sigame/


http://kpolsen.github.io/sigame/

W Simulator of GAlaxy Millimeter/submillimeter Emission

Current team:

Thomas R Greve
Dept of Physics and
Astronomy, UCL, UK

Stephanie Stawinski
SESE, ASU

Luis Niebla Rios
SESE, ASU

Jacob Cluff

SESE, ASU Lily Whitler

SESE, ASU

Robert Thompson
National Center for
Supercomputing Applications,
Urbana, IL, USA

Desika Narayanan
Haverford College, PA, US

Romeel Davé
University of Western Cape, South Africa

Previous team members: Christian Brinch, Jesper Rasmussen, Jesper Sommer-Larsen, Sune Toft, Andrew Zirm



SIGAME Key steps

Cosmological hydrodynamic simulations
(GIZMO simulations with MUFASA winds, see Dave+16 MNRAS 462)
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IRyA, UNAM, June 29 2017



SIGAME Key steps

Cosmological hydrodynamic simulations
(GIZMO simulations with MUFASA winds, see Dave+16 MNRAS 462)
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Ao VIGAME Key steps .




g Sl Key steps N

Step 1:
Derive “large-scale”
properties




R Key steps

Step 1:
Derive “large-scale”
properties

N

Step 2:
Divide into dense and
diffuse gas




G SIGAME Key steps

Step 1: & Adsociates
D e r I V e b | a r g e _ S C a | e » Photoionization Simulations for the Discriminating Astrophysicist Since 1978
. www.nublado.org
properties

cloudy model
Ou\

cloudy model
Step 2: output —>
Divide into dense and
diffuse gas
Step 3:

interpolate in grids of
cloudy models



R Key steps

Step 1: & Adsociates
D e r I V e b | a r g e _ S C a | e » Photoionization Simulations for the Discriminating Astrophysicist Since 1978
. www.nublado.org
properties

cloudy model
Ou\

Step 4:
cloudy model >
Step 2: output analyze result!
Divide into dense and
diffuse gas

Step 3:
interpolate in grids of
cloudy models



W \GAUE Deriving local gas propertie_
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Deriving local gas properties -
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Deriving local gas properties
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Definition of ISM phases

Depending upon the output from simulations and cloudy
models, SIGAME divides the gas mass into:

mostly molecular

dense gas —» GMCS (but can contain partly
ionized PDRs)

Giant Molecular Clouds

part of the diffuse gas
clouds that is mostly neutral

d ifoSe gaS Diffuse Neutral Gas

D I G part of the diffuse gas

clouds that is mostly ionized
Diffuse lonized Gas
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Cloudy models
lllustrating the GMC model grid

log Mgue [Mg]1: 4.1, log Py, [Kcm™3]: 5.5

Gy: 1.25892541179 x solar Gy: 15.8489319246 x solar Gy: 2511.88643151 x solar

1.0

0.8
0.6

0.4

Fraction

log Z[Z,]: -1.28
log ng [cm 3]

log Z[Z,]: -0.56

log Z[Z,]: -0.20



G SIGAMEF Cloudy models

lllustrating the GMC model grid

log(Licm)

Eal! ol Hoj

4-0.8
-1.6
-2.4
-3.2

Work by Luis N Rios



Observing the gas at high redshift

Questions that arise:

1. Why is there no strong [CII]-SFR relation?
2. What is the origin of [CII]?

3. How does metallicity, Z, affect [CII]?

4. [Olll] or [Ol] better SFR-tracers?

IRyA, UNAM, June 29 2017



Results at z ~ 6
Model galaxy sample

30 star-forming galaxies at 5.75 < z < 6.25 from GIZMO/MUFASA suite

- © Model galaxies (this work) ‘

_ 2~ 6 main sequence [Speagle+14] a
. % Old z~6 LBGS/LAEs [Jiang+16] + e
[ == Young z~6 LBGS/LAEs [Jiang+16] 7 1 1210
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Mass-weighted stellar age [Myr]

135

120

IRyA, UNAM, June 29 2017



Results at z ~ ©

1: The [CII]-SFR relation

Observed galaxies, detected and non-detected:

10°}

Licr [Lol

107}

100+ o ARXOIADV X

Kanekar+13
Ouchi+13
Gonzalez-Lopez+14
Ota+14
Schaerer+15
Capak+15
Willott+15
Maiolino+15
Knudsen+16
Inoue+16
Pentericci+16
Bradac+16
Decarli+17
Smit+17

Milky Way. ,

<

4+—0

Local starburst galaxies, [De Looze et al. 2014]
Local metal-poor dwarf galaxies, [De Looze et al. 2014]

IRyA, UNAM, June 29 2017

10

100 1000

SFR [M, yr1]



Results at z ~ ©

IRyA, UNAM, June 29 2017

Observed galaxies + model results:

1: The [CII]-SFR relation

*E0OF+FOoARXOIDV XSO

SIGAME (this work)
Kanekar+13
Ouchi+13
Gonzalez-Lopez+14
Ota+14
Schaerer+15
Capak+15
Willott+15
Maiolino+15
Knudsen+16
Inoue+16
Pentericci+16
Bradac+16
Decarli+17
Smit+17

Milky Way. ,

"Illll.

Local starburst galaxies, [De Looze et al. 2014]
Local metal-poor dwarf galaxies, [De Looze et al. 2014]

-

SFR [M, yr']

100

1000

-0.6

-0.8

-1.0

-1.2

log(Zspr [Mo/yr kpc—2])

-1.4

-1.6

-1.8

[Olsen+17 submitted]



Results at z ~ ©

1: The [CII]-SFR relation

Comparing models:

T T T T T T 1] T T N 000 /' T LML I
P4
----- Local starburst galaxies, [De Looze et al. 2014] [ /
- = = Local metal-poor dwarf galaxies, [De Looze et al. 2014] /
z~7 models with Z = 0.09 [Vallini+15] )

— = z=2 models [Olsen+15]

= =1 z=6 models, Z = 0.26 (this work) .
109 | |—— 2=6 models: log(Lcy) = 0.67-log(SFR) + 6.49 (this work) | .~ |

1000

[Olsen+17 submitted]
IRyA, UNAM, June 29 2017



Results at z ~ ©

2: Origin of [CII]

First, what does t onsist of at z ~ 67
1200 s GMCs | | | ‘ 1200 GMCs | | | | | ‘
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[Olsen+17 submitted]
IRyA, UNAM, June 29 2017



Results at z ~ ©

2: Origin of [CII]

Second, where
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mass fraction are similar, but [ClI] contributions
from each ISM phase is not!

[Olsen+17 submitted]
IRyA, UNAM, June 29 2017



Results at z ~ ©

2: Origin of [CII]

What is the [CII] efficiency? (luminosity/mass)

0.014
0.012
0.010
0.008
0.006
0.004
0.002

0.014
0.012
0.010
0.008
0.006
0.004
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B GMCs

Diffuse neutral gas

m / gas mass [L, /M1

= 0.014[
S 0.012}
= 0.010

0.008
0.006
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|
B Diffuse ionized gas
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5 10 15 20

IRyA, UNAM, June 29 2017
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[Olsen+17 submitted]



Results at z ~ ©

2: Origin of [CII]

What is the [CII] efficiency? (luminosity/mass)

0.014F o GMCs
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IRyA, UNAM, June 29 2017

Slight increase in [ClII] efficiency with SFR and Z

[Olsen+17 submitted]



Results at z ~ © o
3: Importance of metallicity

We did a principle component regression (PCR) analysis on Lic
to study the effect of different parameters on Licu:

SFR I

Lici

[Olsen+17 submitted]
IRyA, UNAM, June 29 2017



Results at z ~ ©

3: Importance of metallicity

Each parameter on their own, do not determine Licij very well:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| | | | | | |
-09 -0.8 -0.7 -06 -05 -04 -0.3
log({Z) spr)

IRyA, UNAM, June 29 2017
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[Olsen+17 submitted]




Results at z ~ © o
3: Importance of metallicity

But combined, we can estimate Lci; better:

8.0[ tog(Licx) = 7.7+ 0.55109(SFR) | 80| log(Liew) = 7.17 + 0.5810g(SFR) | 80| -log(Lierr) = 7:17 - 0.45l0g(SFR) -
+ 0.23log({Z)srr) % + 0.23log((Z’}srr) - 0.02l0g(Espr) - + 0.89109({Z")srr) + 0.66l0g(ZspR): ‘
| | | | | Le" | | | | | el + 1.88log(Migy) ‘ | e
S N S W S IS % 4€ SO § R N HO RO . SO % A [ N SN SRS SN C S o 35 A
© s s s 3' . ‘ e s s ‘ ; - © 1 1 1 e ‘ ‘
= s s s 2% =, s s 26 = -2
g S g e g <’
= i i , Lo = i i DR i i |2 3 3 D 3 i i
D T.0F g L R S SEITITIEREFSPPRPPE D T.0F g Sl ISR S T S 4 D 70 e PEa BES o R e .
o i A i o i % 3 3 3 L i . 3 3 3 i
,‘%" : : : : : ,‘?’, ‘ ‘ : : ,’j, : : f f
s e A rms : 0.205 e e A rms : 0.205 S e e A rms 0,177
66 68 7.0 72 74 76 18 66 68 70 72 7.4 76 1.8 66 68 7.0 72 74 76 1.8
log(Licm [Lo]) from PCA regression log(Licm [Le]) from PCA regression log(Lici [Le]) from PCA regression

-> Metallicity (Z) is more important than 2 sFr and combined with Misw,
Licu; can be determined better

[Olsen+17 submitted]
IRyA, UNAM, June 29 2017



Results at z ~ © o
3: Importance of metallicity

But combined, we can estimate Lci; better:

8.0 log(Lion) = 7:17 -+ 0.55l0g(SFR)- oo 8.0 log(Lion) = 7:17 -+ 0.58l0g(SFR)- oo 8.0 log{Licri) = 7:17--0:45l0g(SFR) oo
+0.23log((Z)ser) ‘ +0.23l0g((Z))sr) - 0.02l0g(Sser) + 0.89l0g((Z’)spr) +0.66109(Zser) ‘
; s s ; A s s s ; ; SR + 1.88log(Misy) ‘ s .
SED Y SR € YIS SRR N JS € Sy ) U S S © SN 5 3% S
© s 1 s X . 1 e ‘ ‘ ‘ ! . © 1 s 1 e~ ‘ ‘
= s s 2% =, - 26 = s -2
= i , Lo = 3 3 DR 3 i |2 3 i D i i i
D T.O0f i e D TOf g e L T T T I 4 @ 7.0F i e Lele o T A .
O R . o : R . : : : : O R . : : :
Lt s s s s i ,%' | i i i i 3 ,%' | : : s s |
s e A rms : 0.205 e e A rms : 0.205 S e e A rms 0,177
66 68 7.0 72 74 16 18 66 68 70 72 7.4 7.6 1.8 66 68 7.0 72 7.4 16 1.8
log(Licm [Lo]) from PCA regression log(Licm [Le]) from PCA regression log(Lici [Le]) from PCA regression

-> Metallicity (Z) is more important than 2 sFr and combined with Misw,
Licu; can be determined better

However, we are limited by a very small range in Z [Olsen+17 submitted]
IRyA, UNAM, June 29 2017



Results at z ~ © o
3: Importance of metallicity

Experiment: Scale the metallicity up artificially:

- (@) Metallicities x 3

e} Default metallicities —— 1
10° | > ‘+‘ —
I o P !

Licm [Leo]

10’

-> scaling Z by factor of 3: big impact (see also [Vallini+15])

[Olsen+17 submitted]
IRyA, UNAM, June 29 2017



Results at z ~ © o
3: Importance of metallicity

Experiment: Scale the metallicity up artificially:

- (@) Metallicities x 3

e} Default metallicities —— 1
10° | > ‘+‘ —
I o P !

Licm [Leo]

7~ yé
-
[ -~ O

109 101 1072

-> scaling Z by factor of 3: big impact (see also [Vallini+15])

-> In addition, observed SFRs could be very understimated [Capak+15]

[Olsen+17 submitted]
IRyA, UNAM, June 29 2017



Results at z ~ ©

Locally, [Ol] is a better SFR tracer than [Olll] and [CII]!

IRyA, UNAM, June 29 2017

3: [0I] and [OIII]

\ I I I I I I I I 1 I I I 1 I I I I I

¢ Dwarf galaxies

A LINER /Seyfert

¢ high—z upper limit

l T T T I

disp: 0.42 dex

M

N

[De Looze 2014]



Results at z ~ ©

: [0I] and [OIII]

No high-z detections :re with local relations:

10|
10 ; O SIGAME simulations
- = Local metal-poor dwarf galaxies, [De Looze et al. 2014]
 Local starburst galaxies, [De Looze et al. 2014]
"o
= 107}
- [
3
3
S
—
108}
10° 10t 102

SFR [M,yr 1]

[Olsen+17 submitted]
IRyA, UNAM, June 29 2017



Results at z ~ ©

[Olll] has been detected at z > 6 in three cases

3: [0I] and [OIII]

1010}

10°}

Lommssum [Lol

+4%+0 -

2~17.107 galaxy [Carniani et al. 2017]
SIGAME simulations

2~ 7.21 galaxy [Inoue et al. 2016]

2~ 8.38 galaxy [Laporte et al. 2017]
2~ 7.107 galaxy [Carniani et al. 2017]

IRyA, UNAM, June 29 2017

SFR [M,yr 1]

[Olsen+17 submitted]



Future!
Where to go next with SIGAME...
- Make the code public!

» Try on different set of galaxies, with wider
dynamic range in parameters

» Go to lower redshifts to compare with resolved
observations...

* Improve on subgrid method

[Olsen+17 in prep.]
IRyA, UNAM, June 29 2017



Maps of line emission

. GMCs
Diffuse neutral gas
B Diffuse ionized gas

IRyA, UNAM, June 29 2017



Radial profiles Work by Lily Whitler

ol GMC
: — S
Z ,Q‘ — diffuse clouds
1 — total
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Liciame = 7.45 x 108 L
Liciaif = 3.01 x 106 L
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Line profiles Work by Jacob Cluff
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Velocity cubes Work by Jacob Cluff

z = 5.875, [Cll], hh0_s47 G1 :-600.0 [km/s]
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Velocity cubes Work by Jacob Cluff

z = 5.875, [Ol], hh0_s47 G1 :-600.0 [km/s]
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SGAME

Simulator of GAlaxy Millimeter/submillimeter Emission

Conclusions at z~6:

* We predict a [CII]-SFR relation, though weak

* Within our range in Z, [Cll] does not depend strongly on Z
* Most of the [CIl] emission arises in diffuse gas

 GMCs less important [Cll] emitters at high SFR

* Ljom; - SFR in agreement with observations

* Radial and line profiles on the way...



Slmulator of GAlaxy Millimeter/submillimeter Emission

Conclusions at z~6:

* We predict a [ClI]-SFR relation, though weak

* Within our range in Z, [Cll] does not depend strongly on Z
* Most of the [CIl] emission arises in diffuse gas

 GMCs less important [Cll] emitters at high SFR

* Ljom; - SFR in agreement with observations

* Radial and line profiles on the way... |
Plea to observers/theorists!:

[CII] with SIGAME at z = 2: « extragalactic mass-size (and velocity
Olsen+15, ApJ 814 76 dispersion) relations for molecular gas
cosmic ray intensity in different

CO line emission with SIGAME at z = 2: environments

Olsen+16, MNRAS 457 3

Stay tuned: http://kpolsen.github.io/sigame/ !!

(See also: http://www.digame.online/ - Dlrectory for Galaxy
Millimeter/submillimeter Emission)
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