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In the infrared (IR) we can observe: .
dust continuum §=>'amount and Tk of dust
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Hubble Space Telescope (NASA/ESA) /
Carnegie-Irvine Galaxy Survey



NGC 1332

Hubble ALMA

F

[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

SESE, Apr 28 2017



Observing the gas at high redshift

Forbidden atomic emission lines from
the warm-phase interstellar medium (ISM)
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Observing the gas at high redshift

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

3P2
157.7um [CII] 88.4um [OllI]
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Observing the gas at high redshift

Examples
157.7um [CII] 88.4um [OII]
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Observing the gas at high redshift

Examples
157.7um [CII] 88.4um [OllI]
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Velccity offset (km/s) frequency [GHz]
uency

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!
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[CII]-SFR relation at high redshift (?)

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

Kanekar+13
Ouchi+13
Gonzalez-Lopez+14
Ota+14
Schaerer+15
Capak+15
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Maiolino+15
Knudsen+16
Inoue+16 4
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----- Local starburst galaxies, [De Looze et al. 2014]
= = = Local metal-poor dwarf galaxies, [De Looze et al. 2014] |
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[OIII]-SFR relation at high redshift (?)

 |onization potential about the same as for hydrogen (13.5eV)
» EXxcited by electrons

1 1 I LELELELEL | I I 1 LI L IT' ] LI
’ B
----- Local starburst galaxies, [De Looze et al. 2014] -
- = = Local metal-poor dwarf galaxies, [De Looze et al. 2014] L ’
9 - )
10°} ‘ 4
’
>
" |
’
”
P .

~ " g

(+) ’
- ’
[S— ’

B s’

S 108 -

- 107 P
et [ ’ + -
— ’ .
F- < +* ’
i. s / °

— s’ .
| ” .
7
"4
107 - -
[ i 4 =z 7.21 galaxy [Inoue et al. 2016]
. # =18 38 galaxy [Laporte et al. 2017]
1 1 1- 1 1 311l 1 1 11l
SFR [M.yr -]

SESE, Apr 28 2017



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] a better SFR-tracer?

SESE, Apr 28 2017



y 4
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/

Simulator of GAlaxy Millimeter/submillimeter Emission

LY

Current team:

Thomas R Greve
Dept of Physics and
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Stephanie Stawinski
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Previous team members: Christian Brinch, Jesper Rasmussen, Jesper Sommer-Larsen, Sune Toft, Andrew Zirm



v U Key steps

Cosmological Smoothed Particle Hydrodynamics (SPH) simulations
(GIZMO simulations with MUFASA winds, see Dave+16 MNRAS 462)
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Key steps -




Ko GG Key steps

Step 1:
Derive “large-scale”
properties




Ko GG Key steps

Step 1:
Derive “large-scale”
properties

N

Step 2:
Divide Into dense and

diffuse gas
[EImegreen+89; Swinbank+11]




g Sl Key steps

Step 1:
Derive “large-scale”
properties

cloudy model
Ou\

cloudy model
Step 2: output
Divide into dense and
diffuse gas
[Elmegreen+89; Swinbank+11]
Step 3:

interpolate in grids of
cloudy models



g Sl Key steps

Step 1:
Derive “large-scale”
properties

cloudy model
Ou\

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

[EImegreen+89; Swinbank+11]

Step 3:
interpolate in grids of
cloudy models



W \GAUE Deriving local gas propertie_

y [kpc]




W \GAWE Deriving local gas properties -

3% Gas map
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Deriving local gas properties

7.3 - Gas map
6.96 2
6.56 = 1ati
y Go (FUV radiation)
6.16 — map with starburst99

y [kpc]



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



Cloudy models

lllustrating the GMC model grid
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SIGAME 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



LG SIGAMEF Cloudy models

lllustrating the GMC model grid
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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] a better SFR-tracer?

SESE, Apr 28 2017



Results at z ~ ©

Model galaxy sample:
30 star-forming galaxies at 5.75 < z < 6.25 from GIZMO/MUFASA suite
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Results at z ~ 6 (1)

[ClI]-SFR relation, observed galaxies:

O +OAOXGOIDV %o

Kanekar+13
Ouchi+13
Gonzalez-Lopez+14
Ota+14
Schaerer+15
Capak+15
Willott+15
Maiolino+15
Knudsen+16
Inoue+16 4
Pentericci+1@'
Bradac+1§'

Milky Way

« Local starburst galaxies, [De Looze et al. 2014]

= = = |Local metal-poor dwarf galaxies, [De Looze et al. 2014]
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[ClI]-SFR relation, observed galaxies + model results:

SESE, Apr 28 2017

Results at z ~ 6 (1)

SIGAME (this work) e
Kanekar+13
Ouchi+13
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rms = 0.18 dex

PR J Local starburst galaxies, [De Looze et al. 2014]
= = = |Local metal-poor dwarf galaxies, [De Looze et al. 2014]
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Results at z ~ 6 (1)

[ClI]-SFR relation, comparing models:

----- Local starburst galaxies, [De Looze et al. 2014]
= = = |ocal metal-poor dwarf galaxies, [De Looze et al. 2014]
= = =2 models [Olsen+15]

z~T7 models, Z = 0.09 [Vallini+15]
= =1 z=6 models, Z = 0.26 (this work)
m— 2 =6 models: log(Ljcm) = 0.56:109(SFR) + 6.69 (this work)
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[Olsen+17 in prep.]



Results at z ~ 6 (2)
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Olsen+17 in prep.
SESE, Apr 28 2017 [ + prep.]



Results at z ~ 6 (2)
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log(Licy [L-])

Results at z ~ 6 (3)

The importance of metallicity
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-> Not really important within our sample, probably due to limited range in £ (0.14-0.45)

Olsen+17 in prep.
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Results at z ~ 6 (3)

The importance of metallicity

O Scaling metallicites by a factor of 3
O Default modeling
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-> scaling Z by factor of 3: big impact (see also [Vallini+15])

Olsen+17 in prep.
SESE, Apr 28 2017 [ + prep.]



Results at z ~ 6 (3)

The importance of metallicity

T 10 T T T T T T T 1]
O Scaling metallicites by a factor of 3
O Default modeling
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SFR [M, yr']

-> scaling Z by factor of 3: big impact (see also [Vallini+15])
-> In addition, observed SFRs could be very understimated [Capak+15]

Olsen+17 in prep.
SESE, Apr 28 2017 [ prep.]
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Results at z ~ 6 (4)
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@ SIGAME (this work)
- Local starburst galaxies, [De Laoze et al. 2014)
- = Local metal-poor dwarf galaxies, [De Looze et al. 2014)

z T7.21 galaxy [Inoue et al. 2016]
>=R.38 galaxy [Laporte et al. 2017]
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Results at z ~ 6 (4)

[OIlI]
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-> good agreement with high-z observations and local SB relation

Olsen+17 in prep.
SESE, Apr 28 2017 [ + prep.]



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...

Olsen+17 in prep.
SESE, Apr 28 2017 [ + prep.]
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Work by Lily Whitler

Radial profiles

— GMCs
— diffuse clouds
—  total

2 3 4 5 6 7
R [kpc]
Licipame = 7.45 x 108 L
Licim.gif = 3.01 x 106 L,



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], hhO s47 G1 :-600.0 [km/s]

SESE, Apr 28 2017



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!:

[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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