Reading between the lines

The benefits of modeling more
than one emission line
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Topics to cover

- What can go wrong when we only model one line?

Background | _\yhat science cases benefit from FIR line ratios?

- Brief description of SIGAME

SIS - https://kpolsen.qgithub.io/SIGAME/index.html

Modeling line - Imitating Herschel
ratios at z~0 - Line ratios as diagnostic tools of the ISM

Suggestions for discussion...

% School of Earth and
Space Exploration
Arizona State University
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* Diagnostic
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The same galaxy with different glasses:
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* Diagnostic
FIR emission
lines

The same galaxy with different glasses:

Hot ionized ISM Warm neutral medium

(HIl regions, =10,000K) (5000 — 10,000 K)
[Olll], Lya, Ha, etc. [ClI]

Photodissociation Molecular ISM
regions (PDRS) (GMCs, 10 — 50 K)
[CH1], [NII], [CI], [OI] [Cl1], CO rotational

lines




Background

* Diagnostic
FIR emission
lines

The same galaxy with different glasses:

Hot ionized ISM Warm neutral medium

(HIl regions, =10,000K) (5000 — 10,000 K)
[Olll], Lya, Ha, etc. [ClI]

Attention modelers:
By only looking at one ISM phase,
we may be compensating by modeling
another ISM phase wrongly.

Photodissociation Molecular ISM
regions (PDRS) (GMCs, 10 — 50 K)
[CII], [N1I], [CI], [Ol] [CIl], CO rotational

lines

L i e



Background

* Diagnostic
FIR emission
lines

* Lessons from
“Walking the
Line
workshop”
last year

s

LR o

Phoenix, AZ

Walking the line

Simulating Line Emission
from Galaxies

March 2018

W
SIS

Conference eort |

Challenges and Techniques for Simulating Line Emission

Karen P. Olsen 1.* &M©_ Andrea Pallottini 23 &8 © Ajda Wofford 4 &8© Marios Chatzikos 5 &
Mitchell Revalski ® M@, Francisco Guzman ® M ©, Gergd Popping 7 &€, Enrique Vazquez-Semadeni 8 &,
Georgios E. Magdis 2 &8© Mark L. A. Richardson 10 &, Michaela Hirschmann 11 & and william J. Gray 12 &

“One of the more valuable conclusions from the discussions on galaxy-
scales simulations, was the importance of simulating more

than one emission line simultaneously. By simulating
different lines, arising in different ISM phases, and comparing with
observations, one ensures that the post-process recipes not only satisfy

what is seen in one ISM phase, but is consistent across the
entire galaxy.”

https://walk2018.weebly.com/
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Background

* Diagnostic
FIR emission
lines

* Lessons from
“Walking the
Line
workshop”
last year

* Lessons from
this
workshop
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(=‘follow me’ in
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* Started during
PhD at Dark
Cosmology
Centre in
Copenhagen

Simulator of GAlaxy
Millimeter/submillimeter Emission
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(=‘follow me’ in
Spanish)

* Started during
PhD at Dark
Cosmology
Centre in
Copenhagen

* Now a project
that
combines...

Simulator of GAlaxy
Millimeter/submillimeter Emission

Galaxy formation
codes for
Macroscopic

physics (1)

Cloudy

Photoionization
code for calculation
of micro-physics

/

I 77
Analysis/
visualization with
Python

Collaboration
github.com/kpolsen/SIGAME/

(1) Springel V., Hernquist L., 2003, MNRAS, 339, 312.
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* Started during
PhD at Dark
Cosmology
Centre in
Copenhagen

* Now a project
that
combines...




cr
(IA We chose cosmological Tosn 8o,,
simulations... W

(=‘follow me’ in
Spanish)

: ' mological variance.
+ Started during for the sample size and cosmological variance

PhD at Dark

Cosmology » Hydrodynamics solver: meshless finite mass (MFM)
Centre in

Copenhagen > SPH fluid element approach

Gizmo -» Mufasa (zoom-ins) —» Simba

* Now a project |
that > Mass resolution:

combines... mg, = 10° h*Msun, m_. = 1.9 x 10°h*Msun

» Tracking 10 elements in addition to Hydrogen

» Stellar winds from young stars from fit to FIRE simulations
(Feedback in Realistic Environments, Muratov et al. 2015)

(1) Springel V., Hernquist L., 2003, MNRAS, 339, 312.



Key steps

1. Extract
galaxies from
simulation

Cosmological hydrodynamic simulations
(GIZMO simulations with MUFASA winds, see Davé+16 MNRAS 462)
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Key steps

1. Extract
galaxies from
simulation

2. Derive large-
scale ISM
properties
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FUV radiation (Go) map made with
starburst99
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Key steps

1. Extract
galaxies from
simulation

2. Derive large-
scale ISM
properties

3. Divide ISM
into dense and
diffuse gas

©

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

mostly molecular
dense gas —>» GMCS (but can contain partly
lonized PDRs)

Giant Molecular Clouds

part of the diffuse gas
clouds that is mostly neutral

diffuse gas Diffuse Neutral Gas

D |G part of the diffuse gas

clouds that is mostly ionized
Diffuse lonized Gas
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Key steps

1. Extract
galaxies from
simulation

2. Derive large-
scale ISM
properties

3. Divide ISM
into dense and
diffuse gas

4. Interpolate in
grids of Cloudy
v1l7 models for
line emission
etc.

Example of grid of solutions with Cloudy
(the photoionization code) for the [CII] line

2.4
1.6
-40.8
~40.0

4 -0.8

-1.6

=2.4

-3.2

©



ot Just made* a 2" release of
ameless :
self-promotion SIGAME, now In Python3

Check out the new website with
code release and documentation:

https://kpolsen.github.io/SIGAME/index.html

SIGAME

SIMULATOR OF GALAXY
MILLIMETER/SUBMILLIMETER
EMISSION.

GET THE CODE

*With much help from Daisy Leung
(Cornell/Flatiron), Lily Whitler (ASU) and Satish
Bhambri (CIDSE, Software Engineering ASU)







Modeling line
ratios at z~0

* How can line
ratios help in
diagnhosing
the ISM?

The [CII]158/[NII]205 ratio



Modeling line
ratios at z~0

* How can line
ratios help in
diagnhosing
the ISM?

The [CII]158/[NII]205 ratio

If you know what that ratio is in fully ionized
gas (R, ), you get how much of the [CII]

ionized

comes from neutral gas:

f . [C 1] — Rionizea X [N 1I] 205 Qum
[C 11],Neutral [C H]

Can we use [CII]158/[NII]205 to estimate
neutral/ionized gas mass ratio?

[Croxall+17]



Modeling line
ratios at z~0

* How can line
ratios help in
diagnhosing
the ISM?

* Caveat: Line
ratio also
depends on
gas
metallicity

The [CII]158/[NII]205 ratio
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[C 11]/IN 11205

3.0 8.2

The Origins of [C 11] Emission in Local Star-forming Galaxies
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CrossMark

K. V. Croxall"*? @, J. D. Smith**®, E. Pel]egrini4’5, B. Groves®®, A. Bolatto’ @, R. Herrera-Camus® @, K. M. Sandstrom’ @,
B. Draine'’ , M. G. Wolfire’ , L. Armus' 1, M. Boquienlz, B. Brandll3’l4, D. Dale"® , M. Galametz'®!” , L. Hunt'®

R. Kennicutt, Jr.'%, K. Kreckel’

20

, D. Rigopoulou™, P

13
. van der Werf

, and C. Wilson>!

[Croxall+17]



Modeling line The [C”]1 58/[N”]205 ratio

ratios at z~0
Partly due to

100 : T T ] increase of N/O
* How can line I f ] and N/C with
ratios help in : il | metallity
the ISM? = i
z, 10F----- .
* Caveat: Line E - ;
ratio also O, i \
depends on I | Cloudy
gas modeling
metallicity TE E [Nagao+12]
3.0 8.2 8.4 3.6 8.8

12410g(0/H) [PTO5]

CrossMark

The Origins of [C 11] Emission in Local Star-forming Galaxies

K. V. Croxall"*? @, J. D. Smith**®, E. Pel]egrini4’5, B. Groves®®, A. Bolatto’ @, R. Herrera-Camus® @, K. M. Sandstrom’ @,
B. Draine'’ , M. G. Wolfire’ , L. Armus' 1, M. Boquienlz, B. Brandll3’l4, D. Dale"® , M. Galametz'®!” , L. Hunt'® ,

R. Kennicutt, Jr.'%, K. Kreckel’ , D. Rigopoulou20 , P. van der Werf 3@, and C. Wilson”!
[Croxall+17]



Modeling line
ratios at z~0

* How can line
ratios help in
diagnosing
the ISM?

* Caveat: Line
ratio also
depends on
gas
metallicity
and SFR
surface
density.

The [CII]158/[NII]205 ratio

[CI]/[NII]205
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1073 107
Yser [Mo/yr/kpc?]

Is [ClI] emission from neutral regions suppressed
less by pressure?

[Croxall+17]



Modeling line
ratios at z~0

* Goal:
Simulating line
ratios in
resolved
nearby
galaxies to
compare with
resolved
observations

Create synthetic observations

26:05F

24:57F

14:23:46F

similar to resolved Herschel
observations:

20

NGC 4254

18

16

14

O FTS Bolometers| | |,
— 24 um

Background Map: O

PACS [NII] 122 um

18m 56s 18m 52s 18m 49s 18m 46s 12h 18m 43s

Herrera-Camus+16



Create synthetic observations
similar to resolved Herschel
observations:

* Goal: : . . . . 20
Simulating line NGC 4254
ratios in
resolved
nearby
galaxies to
compare with
resolved 24:57}
observations

Modeling line
ratios at z~0

26:05F 18
16

14

14:23:46F

Background Map: O

PACS [NII] 122 um
18m 56s 18m 52s 18m 49s 18m 46s

O FTS Bolom&ers| | 1,

12h 18m 43s

circles: 17”7 SPIRE-
FTS bolometers

used to detect the
[NII] 205 um line.

Herrera-Camus+16



Modeling line
ratios at z~0

* Check #1: that
we reproduce
the [CII]-SFR
relation at z~0

LI-!'.III [l—l

Applying SIGAME to 10 z~0
galaxies from zoom simulations

B SIGAME at r— 0 (this woark) —2.8
== Powar law it
1 X MW IPineda+14] A
" Malhotra+01 .-_I_.."' -=2.9
107 Magdiss 14 y
' MHaz-Sartas+13 L -
=10 starbwst galaxies [de Loces 14] P B
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MUFASA simulations by Desika Narayanan @ UF @

SFR [Moyr]

logiZspr [Mafyr kpc™2])

©

\



©

Modeling line Applying SIGAME to 10 z~0

ratios at z~0 galaxies from zoom simulations
G7
Angular distance: 7.6 Mpc
* Check #1: that Region size: 16.6 arcsec = 0.61 kpc - 3.30
we reproduce
the [CII]-SFR L 2.64
relation at z~0
1.98 =
* Smooth the -E—i
resgltllng line 132 &
emission maps S v
by Herschel S es &
beam and -~ 3
select regions =
0.00 &
—0.66 -
-1.32

—1.98




Correlate line ratios with ISM @

ﬁﬂaﬁ%esﬁggz"noe properties - such as neutral [CII]
) fraction
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Modeling line
ratios at z~0

Correlate line ratios with ISM

properties - such as 2srr

©

©  KINGFISH [Croxall+17]
g7 1L
IORK a &  GOALS, Zsrr < 100 Mg/yr/kpc? [Diaz-Santos+17]
102 yZ 717 A ® Model galaxies at z ~ 0 (this work)
LN
o
o
=
=
= 10%- °
S, | oo
®
100 L " L | ! LI | ! L | " L | ! L | ! L | ! L | !
10> 104 10-3 102 1071 100 10t 102

/ YsR, exact [Mo/Yr/kpc?]

Herrera-Camus+15 method: Combination of 24m, H, TIR, FUV or those available.
Here: We use instantaneous SFR inherent in gas particles.

Work with student Lily Whitler @ ASU




Modeling line
ratios at z~0

109(Gy. mw in PDRs) [0.6 Habing]

Create diagnostic line ratio plots

3.0

35 40 45 50 5.5
log(Ny 1y iN PDRS) [cm °]

6.0

6.5

1.35

0.90

0.45

0.00

I
©
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log([O11]/[CII]) within (30pc)?

|
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©
o

—1.35
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Modeling line
ratios at z~0

Can we use FIR FS line ratios to:

1) to estimate actual ionized gas mass fraction?
2) to estimate gas metallicity (mass-weighted)?

3) and how do such callibrations depend on 2s?



... and another question for the modelers:
Modeling line how do we “subgrid” the ISRF?

ratios at z~0 * *
*

From Starburst99 modeling
of nearby stars

Line emission
with Cloudy

Approach in Olsen+17




Modeling line
ratios at z~0

... and another question for the modelers: °
how do we “subgrid” the ISRF?

*

Line emission
with Cloudy

Approach in Olsen+17

Line emission
with Cloudy

... what would be the consequence?



... and another question for the modelers: G

Modeling line how do we “subgrid” the ISRF?
ratios at z~0

*
* * From RAMSES-RT
*

Line emission
with Cloudy

Approach in Pallottini+19



Modeling line
ratios at z~0

... and another question for the modelers: Q
how do we “subgrid” the ISRF?

*
* * From RAMSES-RT
*

Line emission
with Cloudy

... If there are stars inside the cell,

would it make sense to further stratify the UV?

Approach in Pallottini+19



Summary

Synthetic observations are important for understanding/predicting real
observations.

(1) (2)

(3)
Galaxy formation codes Extract knowledge, like Make datacubes of
for large-scale physics FUV field and pressure,

different lines
and apply look-up tables of
photoionization models '

y [kpc]

Create synthetic

_ / observations!

Questions for discussion session!!!

1. How can we motivate observers to go for more lines?

2. How do we make sure that the FUV radiation is distributed consistently?
3. Should we start an effort to benchmark our codes?




Extra slides



[CII], [Ol], [Olll]
results
at z~6

* Low [CII]
luminosity
comes out
naturally for
the normal
star-forming
galaxies
selected.

Licm [Lel

1,:}9.

10?.

[CII]-SFR relation at z~6

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

*  Milky Way

Ll ¥ T Trrrj 1 LI T Trrrnrrj

10 100
SFR [Mg yr™!]

LR |

1000

- —0.6

—0.8

|
(=]
=

|
"
log(Zsen [Mafyr kpc=2])

I
[
5

—-1.6

—-1.8

Olsen et al. 2018




[CII], [OI], [Olll]
results

at z~6

* Low [CII]
luminosity
comes out
naturally for
the normal
star-forming
galaxies
selected.

* Higher [CII]
luminosity is
an affect of
higher
metallicity
than expected
and/or higher
molecular gas
mass fraction.

Licm [Le]

| @ Metallicities x 3
1o Default metallicities
109
1[}3; 8@ -
°: o -
00 DQ‘ & -
ﬂﬂ D{:? ,--""'-'
O
Lo 0°% o5R
5 O B
P &
10¢ 104 104

[CII]-SFR relation at z~6

©

SFR [Mg yr—*]

Olsen et al. 2018



[CIl], [Ol], [Olll] @
rasults [Ol] and [OIlll] as SFR tracers at z~6
at z~6

10° ; 4
1 == Local metal-poor dwarf galaxies, [De Looze et al, 2014)
Local starburst galaxies, [De Looze et al, 2014)
* [OIl] does not r
show a strong —_—, =
correlation 5 168
with SFR. =
4
107 -
"o 10%4
=
(=
3
5 107
- 1 0
- A z=T21galaxy [Inoues et al, 2016]
..n" B =238 galaxy [Laporte at al. 2017]
1054 # # 2=7.107 galaxy [Carniani et al, 2017]
= L] ¥ T T T rrNj L] LI LELELELELELE L] LI LI
10° 10! 102
e SFH [MEF‘I‘_]-]

Olsen et al. 2018



[CII], [Ol], [Olll]
results

at z~6

* [OIl] does not
show a strong

correlation
with SFR.

* [OIll] however
correlates with
SFR and
matches that
at low z and
two of three
high-z galaxies
detected so
far.

|

Lionssum [Lal

[Ol] and [Olll] as SFR tracers at z~6

Lionsaum [Lal

A
10? ’
1 == Local metal-poor dwarf galaxies, [De Looze et al, 2014
Local starburst galaxies, [De Looze et al, 2014
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Olsen et al. 2018



Line ratios



Line Ratio The [C”]1 58/[N||]205 ratio

observations

* How can line Eg r h#
;&lltios h.elp in 40 \ | L + 4 + ++ . ‘
iagnosing 30 1 ? ‘
the ISM? 0 \ W M ﬁ +f,:
'2‘20 . \ #H' t* + : ¢
- = ‘H‘H + * ++ ¢
Weak — ! ‘k » + ¢ *
— L u+ ' * #m: ¢
dependence O 1. | + A e I
= H + : +$ L. ; ' ¢
on surface 8 1 I + ﬁw ¢ ‘
density of 6 '
SFR 4_'

Ysrr [Mo/yr/kpc?]

Increase towards central parts of
galaxy with higher Zsrr (and more

neutral gaS) [Croxall+17]



Line Ratio
observations

* How can line
ratios help in
diagnosing
the ISM?

* Other FIR line
ratios have
been used to
estimate
metallicity Z

[OI11 88]/[NII 122]

The [OI11] 88/[NII] 122 ratio

1000 3 =
-—
100 F E
.__
10 F  sMMm02399
I HLSW-01
’
01 b U=-35 -
0.01 [ V=40 E
0.001 ' ' '
0.01 0.1 1 10
7 gas/7 solar
On the far-infrared metallicity diagnostics: applications to
high-redshift galaxies
D. Rigopoulou,!* M. Pereira-Santaella!, G.E. Magdis?, A. Cooray>, D. Farrah*, [Rigopoulou+17]

R. Marques-Chaves>®, I. Perez-Fournon>®, D. Riechers’



Line Ratio
observations

* How can line
ratios help in
diagnosing
the ISM?

* Other FIR line
ratios have
been used to
estimate
metallicity Z

[OI11 88]/[NII 122]

The [OI11] 88/[NII] 122 ratio

1000

100 |

10 F

SMM02399
HLSW-01

0.1 F

0.01 [

U=-4.0

0.001
0.01

0.1 1

7 gas/7 solar

10

Can be used as a rough metallicity indicator, if

you also now ionization parameter U ?

[Rigopoulou+17]



[Croxall+17]



100F

State of
the art...

* Problems

[C 1]/IN 1505

associated
with the
observations

8.0 S 8.4 O.< 8.8
of ISM 12+10(0/H) [PTO5]

properties

Not the actual Z, but a proxy for Z using
optical emission lines and indirect/direct
methods (see Moustakas+10)

[Croxall+17]



[CH]/[NII]205

—e=,

Ysrr(Mg yr! kpc_z) = 3.823 x 107

X (Ziem(ergs™ kpe™?) x ¥)!1

[Croxall+17]
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0.01 0.1 1 10

7 gas/7 solar

0.001

Models made with single-value cells

log(nu)  log(U)

[cm-3]
1 -2
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4 -3.5
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[Rigopoulou+17]
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[o111 88]/[NII 122]
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o
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001

0.001 . . L ) A .
0.01 0.1 1 10

7 gas/7 solar

When really, looking at resolved observations of a
region in a galaxy, you see many clouds
superimposed

Each with a
different set of [n4,
U, Z, Tk...]

[Rigopoulou+17]



Models made with ade with

single-value cells

[Rigopoulou+17]






Key steps

1.Extract
galaxies from
simulation

Cosmological hydrodynamic simulations

(GIZMO simulations with MUFASA winds, see Davé+16 MNRAS 462)

5.4

4.8

log(H density [cm~])




Key steps

1.Extract
galaxies from
simulation

2. Derive large-
scale ISM
properties

B
N
~

w
~
o

log(G, [0.6 Habing]) per (100pc)?

y [kpc]
= - N N w
w oo w (00) N)
(@)) D N o (00

o
o)
0

0.40

—4 -2 0 2 4
X [kpc]

FUV radiation (Go) map made with
starburst99
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Depending upon the output from simulations and

Key steps cloudy models, SIGAME divides the gas mass into:
1.Extract
galaxies from
simulation
2. Derive large- mostly molecular
Sig'eeifi“é's dense gas —> (but can contain partly
PIoP N QM‘ ;g _ionized PDRs)
3. Divide ISM “ °
into dense and _
diffuse gas part of the diffuse gas
clouds that is mostly neutral
d iﬂ:use gas Diffuge Neowral Ghas

part of the diffuse gas
clouds that is mostly ionized
Diﬁus@wlz@}as Y




Key steps
1.Extract

galaxies from

simulation

2. Derive large-
scale ISM
properties

3. Divide ISM
into dense and
diffuse gas

4. Interpolate in
grids of
“Cloudy”
models for line
emission etc.

©

Example of grid of solutions with Cloudy
(the photoionization code) for the [CII] line

2.4
1.6
-40.8
~40.0

4 -0.8

[~—|] ol poj

-1.6

=2.4

-3.2

Work with student Luis R. Nieblz



Key steps

1.Extract
galaxies from
simulation

2. Derive large-
scale ISM
properties

3. Divide ISM
into dense and
diffuse gas

4. Interpolate in
grids of cloudy
models for line
emission etc.

Example of grid of solutions with Cloudy
(the photoionization code) for the [CII] line

2.4
1.6
-40.8
~40.0

4 -0.8

[~—|] '_11L1!-| E-.(}|

-1.6

=2.4

-3.2

running models on Pleiades Supercomputer @ NASA

with multiprocessing.Pool()
Work with student Luis R. Nieblz



Key steps
1.Extract

galaxies from

simulation

2. Derive large-
scale ISM
properties

3. Divide ISM
into dense and
diffuse gas

4. Interpolate in
grids of cloudy
models for line
emission etc.

5. Create and
analyze
datacubes!

©

Video from datacube in space and velocity:

Work with student Jacob Cluf



A reminder...

Background C+
2P0
. 157.7um [CII]

* [CllI] as a SFR @

indicator (cf. - 2p

talks by O. Le 12 e

Fevre and A.

Faisst)

Can arise from all ISM phases
* lonization potential (11.3eV) below
that of hydrogen (13.6eV)
* Excited by collisions with either
electrons, atoms or molecules
Intensity depends mainly on density and
temperature of gas
* ISM heated by young stars emit more
[CII]




At low redshift
Background
6 — T 1 T r T T T T 1T T T T 1

i : disp: 0.42 dex )

» [ClI] as a SFR | @ Dwarf galaxies P <
indicator (cf. — 4 - A LINER/Seyfert _.,ﬂﬁ .|
talks by O. Le '; ! | “
Fevre and A. c | ¢ high—z upper limit _

: 2 2

Faisst) = . ]
E O __ P A5 e __

g ] ‘ '_r__'-. ¥ w0l PDworf = = = = = = = i

o i +. ;

O —2F _+: 2 AGN - - - =---- _

B !'}{;-ﬂ”-‘,‘ )

st I

_4 el ;';. | . . | | . . . I . . . | . . .
2 4 6 3 10 12
l0g Licn [Loun]

de Looze at al. 2014



LHHH[L@]

10°}

At high z (< 5)... ?

*S8+0A0RXSAD>T B

Kanekar+13
Quchi+13

Gonzalez-Lopez+14
Ota+14
Schaerer+15
Capak+15
Willott+15
Maiolino+15
Knudsen+
Inoue+
Pante
Br

10 100

SFR [M_, yr ']




Future projects

Apply SIGAME to IllustrisTNG

... uncovering any dependency on simulation

type.
(cf. talks by M. Sparre)

http://www.tng-project.org/

300 Mpc
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