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lllustris Simulation

Towards a better understanding the
Interstellar Medium (ISM)

Models of galaxy evolution have been focused
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Z ~ 2. A phase change

[Madau+14]

1. Peak of cosmic SFR density [e.g. Madau+14]

(the universe was more efficient at producing stars)

2. Peak of galactic nucleus activity [e.g. Bauer+10]
(SMBHSs were consuming more gas)

3. Higher (major) merger rate than today [e.g. Man+14]

(galaxies were interacting more)

4. The ISM of z=2 galaxies can now be resolved!



Observing the ISM at z=2 and above
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... models are lacking behind observations!



... models are lacking behind observations!

Method for simulating ISM observations (SIGAME)
1. Molecular gas (CO rotational lines)
2. Remaining ISM ([Cll] fine structure line)
Summary+Outlook
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Molecular gas
— how to observe 1t?

Carbonmonoxide
CO: @

Intensity

Frequency

115 230 345 461 576  [GHZ]

CO(1-0) CO(2-1) CO(3-2) (CO(4-3) CO(5-4)
3.1x102 2.7x103 9.5x10°S 2.3x104  4.5x104 cm3



The CO-to—-H2 conversion factor

Mmoi [Mo] = otco X Lcogi-0) [K km s-1 pc?]



The CO-to—-H2 conversion factor

Mmoi [Mo] = otco X Lcogi-0) [K km s-1 pc?]

Or, the resolved version:
N(H2) [cm2] = Xco X Wco-o) [K km s77]

Two Issues:
1. Xco changes with galaxy type and redshift
2. Higher-d CO lines are easier to observe at high redshift
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CO Spectral Line Energy
Distribution (CO SLED)
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log(Lcov/Lcog-oyv)

Modeling of the CO SLED

[Lagos+12] [Popping+14] [Narayanan+14]
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Lir ~ SFR Lrr ~ SFR 2 SFR



Simulator of GAlaxy Millimeter/submillimeter Emission

Collaborators: Thomas R Greve?, Desika Narayanan®, Robert Thompson*, Christian
Brinch>®, Jesper Sommer-Larsen’”8, Jesper Rasmussen’®, Sune Toft' and Andrew Zirm'
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W SIGAME Galaxy simulations

Cosmological Smoothed Particle Hydrodynamics (SPH) simulations
(Jesper Sommer-Larsen, see 2005 paper)
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particle
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Ao SIGAVE

Cold, neutral gas .

SPH gas
particle

Hot, diffuse,
lonised gas




Ao SIGAVE

Cold, neutral gas ‘

GMCs:
Giant
Molecular

Clouds

SPH gas
particle

Hot, diffuse,
lonised gas




Ao SIGAVE

Cold, neutral gas .

GMCs:
Giant

Molecular
! :@

SPH gas
particle

Hot, diffuse,
lonised gas




1 C SIGAME
SPH gas
particle

Hot, diffuse,

Cold, neutral gas ionised gas

GMCs:
Giant
Molecular

Clouds N




LG SIGAME
SPH gas
particle

Hot, diffuse,
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[Brinch & Hogerheijde 2010]
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Cold, neutral gas .
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Giant
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[Brinch & Hogerheijde 2010]
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H’t,,,\ Radiation fields
Relevant for the ionisation and chemistry of GMCs:
* Far-ultraviolet (FUV) field, Go

e Cosmic ray field, (cr
o Scaled by local SFRD within 5 kpc
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H’b,,\ Radiation fields
Relevant for the ionisation and chemistry of GMCs:
* Far-ultraviolet (FUV) field, Go

e Cosmic ray field, (cr
o Scaled by local SFRD within 5 kpc

¢ GMC mass spectrum
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Assumed ISM models

H’LL\ Radiation fields
Relevant for the ionisation and chemistry of GMCs:
* Far-ultraviolet (FUV) field, Go

e Cosmic ray field, (cr
o Scaled by local SFRD within 5 kpc

¢ GMC mass spectrum

O From observations of MW and local galaxies: dN/dmaemc a memc™®

GMC radial density profile

Plummer radial profile

— * Drops as R in outskirts, finite central value
1
R

) Size and velocity dispersion of each GMC

\/ Pressure-normalised scaling relations for virialized clouds



Assumed ISM models

Experimented with!
H’b,,\ Radiation fields

Relevant for the ionisation and chemistry of GMCs:
* Far-ultraviolet (FUV) field, Go

e Cosmic ray field, (cr
« Scaled by local SFRD withi

GMC mass spectrum
' From observations of MW and local galaxies: dN/dmamc a mG

GMC radial density profile

Plummer radial profile

— * Dropsas i In outskirts, finite central value
R

) Size and velocity dispersion of each GMC
\J ormalised scaling relations for virialized clouds
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A grid of GMC models

CO emission determined by 3 parameters:
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A grid of GMC models

CO emission determined by 3 parameters:

FUV field, Go | |
(and cosmic ray field) .:. : . :. :. :? :‘:
Pleie ettt Metallicity Z
FY L HEHE H .

Z/Zo = 0.1
G, = 16.00
" ¢r = 8.00e-16 s
log(Mouc/Mo) - PR
400 [ 7.

T 4.25
T 5.00
..... c =0
o 6.00

[Olsen+15: arXiv:1507.00012]



W SIGAME The model galaxies, H> maps

3 normal star-forming galaxies at z=2
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The model galaxies, H2 maps

3 normal star-forming galaxies at z=2
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W SIGANE Global aco (CO-to-H2) tactors

Observed oco factors depend on galaxy type:
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W SIGANE Global aco (CO-to-H2) tactors

Observed oco factors depend on galaxy type:
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Observed oco factors depend on galaxy type:
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W SiGAME The dco factor on resolved scales
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The CO SLED

In z ~ 1.5 normal star-forming galaxies
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The CO SLED

In z ~ 1.5 normal star-forming galaxies
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The CO SLED

In z ~ 1.5 normal star-forming galaxies
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The CO SLED

In z ~ 1.5 normal star-forming galaxies
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Dense gas component in z ~1.5 galaxies?

- more observations and modelling will tell [Olsen+15: arXiv:1507.00012]



That’s fine but....

What about regions where the radiation field
s too high for CO to survive?

l.e. Photo-

s ) f'DB"intel‘fa dissociation
: ‘ . Regions (PDRs)




carbon




Singly ionized carbon

2P3/0

157.7um [CII]

P12

Excited by collisions with either electrons, atoms or molecules

= can arise all over the ISM!
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The SFR-Lciy relation
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|. How does [CII]-SFR relation look for normal galaxies at high-z!



The origin of [Cll] emission
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|. How does [CII]-SFR relation look for normal galaxies at high-z!
2. What is the origin of [Cll] in the ISM?



(for CO)

Ao SIGAVE

SPH gas
particle

Hot, diffuse,
lonised gas

Cold, neutral gas

4.

[Brinch & Hogerheijde 2010]
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‘molecular’
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& UME 7 2~2 star-forming galaxies

Cosmological simulations (Gadget-3) at z=2 by [Thompson+14]
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& UME 7 2~2 star-forming galaxies

Cosmological simulations (Gadget-3) at z=2 by [Thompson+14]

SFRs ~ 5-60 Mo yr-1
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&9 UGME  The SFR-Lici relation

On the [CII]-SFR relation as observed from z=0 to z~6.5:
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[Olsen+15: arXiv:1507.00362]
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The SFR-Lici; re\at_

On the [CII]-SFR relation as observed from z=0 to z~6.5:
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[Olsen+15: arXiv:1507.00362]
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On the [CII]-SFR relation as observed from z=0 to z~6.5:
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e Slope: 1.27+0.17 significantly (e>1) steeper than that of z~0 galaxy

samples (spirals and (U)LIRGs)

e Crossing local galaxies at about 10 Mg yr™

[Olsen+15: arXiv:1507.00362]



JGAE The SFR-Lici relation

From different ISM phases:
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From different ISM phases:
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(& (M The origin of [CII] emission .
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The origin

of [CIl] emis
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Summary

SIGAME - a novel method by simultaneously including

local UV and cosmic ray fields
cosmological simulations
several ISM phases

radiative transfer code

Applied at z=2 for simulating:

CO rotational transitions:

e reproduced CO luminosities of normal star-forming galaxies at z~2
* good tracer of molecular gas with co factors about 1/3 x the MW
* decreasing co towards center

[CII] fine structure line:

e reproduced [Cll] luminosities of normal star-forming galaxies at z~0
e good tracer of SFR with a steeper slope than at low z

* boost of [CII] for: high molecular gas mass, metallicity and pressure




Outlook

- focusing on [CII] at higher redshift!

1. Make predictions for z~6 galaxies

=== (G005
- P005

Himiko
IOK-1
HCM6A
Gonzalez-Lopez+2014
Schaerer+2015
Maiolino+2015
Maiolino+2015 (clump A)
Capak+2015
Willott+2015

2
log (SFR/Mg yr™) Vallini+15
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- focusing on [CII] at higher redshift!

1. Make predictions for z~6 galaxies
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Outlook

- focusing on [CII] at higher redshift!

1. Make predictions for z~6 galaxies
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Schaerer+2015

Maio:!no+20}5 I A - ofiiP
o Capadote e - disruption of
< Willott+2015 7’
' molecular clouds by

star formation?
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their models...
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Outlook

SIGAME - focusing on [CII] at higher redshift!

2. Improve on method

* dust radiative transfer incorporated (Powderday; D. Narayanan)
e cosmological simulations with more complex chemistry (RAMSES
+KROME; E. Scannapieco and others)

* larger variation in galaxy sample (Z, SFR etc.)



Outlook

I - focusing on [CIl] at higher redshift!
HELLO galaxy sample

3. Bridging the gap...

e direct comparison with
observations of normal star-
forming galaxies at z~2 with

Cll] AND CO detections




Summary

SIGAME - a novel method by simultaneously including

 J|ocal UV and cosmic ray fields
 cosmological simulations

o several ISM phases

e radiative transfer code

Applied at z=2 for simulating:

CO rotational transitions:
e reproduced CO luminosities of normal star-forming galaxies at z~2
* good tracer of molecular gas with co factors about 1/3 x the MW
* decreasing co towards center

[CII] fine structure line:

e reproduced [Cll] luminosities of normal star-forming galaxies at z~2
e good tracer of SFR with a steeper slope than at low z

* boost of [CII] for: high molecular gas mass, metallicity and pressure




