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LIRGS AND ULIRGS: NEAR AND FAR

LIRGs and ULIRGs are not cornmon at low-z but dominated the SFR of the Universeatz> 1

Most high-z star-forming galaxies follow a main-sequence of SF and resemble more to local
LIRGs and normal starburst rather than ULIRGs

Out of MS galaxies (starburstg) still account for up to ~20% of the SFR, (Schreiber+2015)
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WHY FIR FINE

» ALMA provides a view into the ISM \\\\“‘ [0[]

physics of high-redshift galaxies via
FIR emission lines.

» The [CII] line can account for 0.1-1%
of the bolometric luminosity of a
galaxy. Can be observed at z > 2 with
ALMA, allowing us to study the ISM
in galaxies at the time at which the
SF in the Universe was at its peak.

frequency [GHz]

» [CII] is often used as a dust-unbiased
star formation rate tracer but... is it
really accurate?

l\\

» Many ALMA studies are already 091 A0 A.A R A AR MR AN O
starting to exploit diagnostics based 1-0 -1 3-2 4-3 5-4 6-5 7-6 B-7 9-B (0
in this and other FIR lines to infer
properties of high-z galaxies.

However, many caveats should be
born in mind when doing so.
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. LIRG SAMPLE:

GOALS *

» The Great Observatories All-sky LIRG Survey (GOALS;
Armus+2009) is a complete, local (z < 0.09), 60um- ;
selected galaxy sample of 202 LIRG systems, Lz > 1011 ‘ |
Le (180 LIRGS, 22 ULIRGS):
It covers the entire merger sequence of ey
galaxies. (Haan+2011; Stierwalt+2013, 2014; Kim+2013) o

Herschel OT1 and OTR programs (PI: L. Armus) in
combination with other key projects (HerCULES,
SHINING) provide [CII]158um, [OI]63um, and [OIII]88um
spectroscopy with PACS for the entire GOALS sample;
[NII]122um for half. Also PACS and SPIRE photometry,

1 and SPIRE FTS spectra for 1/2 of the sample, which
\ *includes CO ladder and [NII]205um (V. Lu presentation)




PACS SPECTROSCOPY OF (U)LIRGS
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There is a variety of line
profiles: Unresolved line
emission, broad/
asymmetric lines, double
peaks.

Very complex kinematics
reflecting the dynamical
state of the system: from
isolated grand-design
spirals to interacting
galaxies at all merger
stages.



[CI11] DEFICIT OR FAR-IR EXCESS?
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» [CII]/FIR decreases in sources with warmer T, . due to an increase of the ionization field
(see also Malhotra+1997,2001; Helou+2001; Gracia-Carpio+2010, Stacey+2010). Increased dust-to-gas
opacity in progressively more dust-bounded HII regions (Abel+2009; Draine2011). UV photons
heat the dust before reaching the PDRs -> lower gas heating efficiencies and higher T .



WARM AND CoOLD DUST
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There is a correlation between the [CII]/FIR ratio and the strength of the silicate absorption
feature at 9.71um.

This suggests that the cooler dust responsible for the dust opacity in the MIR is spatially
related to the dust producing the warm FIR “excess” emission, creating the line deficit.




A CAVEAT 1O THE [CIII/”FIR” RATIO
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» The [CII] deficit almost disappear when [CII] is compared to colder dust at ~160um

» Ifone has ALMA [CII] data and only the continuum under the line to estimate the FIR

luminosity, what one has is NOT the [CII] deficit. It’s the [CII] EW.



OTHER CONTRIBUTIONS TO [CII] - IN MERGERS
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» Merger-driven shocks in Stephan’s
Quintet:

PAHs destroyed, but [CII] enhanced in
low velocity shocks that leave behind
them a turbulent medium in which
[CII] is an excellent cooling line to
dissipate the kinetic energy.



OTHER CONTRIBUTIONS TO [CII] — IN AGNS
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» 3C 326N. An AGN-driven outflow:

The AGN injects turbulent energy regularly
into the ISM via short-lived jets. The cooling
time is similar to the jet lifetime so the gas

remains turbulent.
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CO LADDER — MECHANICAL HEATING

HerCULES: Greve+2014

» The slope in the correlation of
Lgrg VS. Lo for different J
transitions has a turnover
around J=7-6, becoming sub-
linear.

(] this work) 1

» Above that threshold, HCO”

mechanical heating could

provide extra energy. Example:
NGC6240

a = glope of Lz VS. Ly

NGC6240
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GLOBAL LINE COOLING BUDGET

HerCULES: Rosenberg+2015
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» The total line cooling accounted by the CO ladder is very limited (

>

[CII] and [OI] account for 50 - 80%.



SHOCKED GAS ON LARGE SCALES?
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» PDR models cannot reproduce extreme
N HZ2/PAH ratios, like those found in radio
Mecha/SF Hy N ¥ <LNERSS galaxies and some AGN.
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» However, only a few LIRGs
cannot be explained in terms of
PDR emission.
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DISENTANGLING IONIZED FROM PDR
[CII] EMISSION
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CO-Dark H,
25%

We use the [NII]R0S5 line to estimate the contribution of the ionized gas
to the [CII] emission. The [CII]/[NII] ratio is constant for a large range
of electron densities so any excess of [CII] is due to PDR emission. ot

Cold HI
25%

Despite being weaker relative to the FIR, the [CII] line has a
progressively larger contribution from PDRs. Pineda+2014
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DISENTANGLING IONIZED FROM PDR

[CII] EMISSION
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We use the [NII]R0S5 line to estimate the contribution of the ionized gas
to the [CII] emission. The [CII]/[NII] ratio is constant for a large range
of electron densities so any excess of [CII] is due to PDR emission.

Despite being weaker relative to the FIR, the [CII] line has a
progressively larger contribution from PDRs.

CO-Dark H,
25%

lonized
20%
Cold HI
25%

Pineda+2014




[CIIl/PAH EMISSION
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» A constant [CII]/PAH ratio suggests that PAH molecules are the main contributors of photo-
electros that subsequently heat the gas in PDRs (see also Helou+2001, Beirao+2012).

» It looks like that, in the end, all the “non-ionized” [CII] in LIRGs is indeed coming from PDRs
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THE ROLE OF AGN
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At low PAH EQWs, sources span the full range of [CII]/FIR ratios

55% of mid-IR AGN have [CII]/FIR > 103! (70% if two mid-IR diagnostics are
required) -> These AGN do not contribute significantly to the far-IR emission

Only when 6.2um PAH EQW <~ 0.05um the AGN can contribute ~50% to far-IR



COMPACTNESS

» [CII]/FIR is correlated

with compactness e |
1 1 0.2 0. 0.6
(concentration of light) of HOB & & 2um PAH EQW ]

the MIR emitting region,
2y (independently of its

origin).

» The [CII] deficit is a,
fundamental property
of the starburst itself.
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tracer in LIRGsS since it I EEE— e o)
does not account for the 10° 100 10" 10'?
increase in warm dust Sgr= Lr [Lo) / TR?gor [M(FWHM,,/2)?] [kpc?]

emission from the
starburst* * *

Diaz-Santos+2013

***Unless you are fine having an order of magnitude uncertainty in your SFR
measurement.



EXTENDED [Clil

> Extra-nuclear star-forming regions shown [CII]/FIR ratios >4 x 103, higher
than the average nuclear value in pure star-forming LIRGsS

Diaz-Santos+2014
> Consistent with

values
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the LIRG nuclei

)
<
)

i
L
N~
-
3
(0 Q)]
@]
O

1.0

Su 63um cont / Su 158um cont




PDR MODELING

GOALS

<y,”>: GOALS_AIl (205)

» PDR model inputs: [CII]ppg, [0I]163pm and FIR

> LIRGs show values of G, in the range of ~10%8-103
and gas densities of ny; ~10!-10% cm™

> ULIRGS_all (

10 3 5

» Warm ULIRGsS
have few times
higher UV field
intensities but
similar gas
densities

10

n [cm See also Farrah+2013
PDR Models from Kaufman+1999

PDR Tool Box (http.//
dustem.astro.umd.edu/pdrt/)



GOALS

ISM PROPERTIES

ALL SAMPLE

<x,”>: GOALS_AIl (205)

STAR-FORMING

. GOALS_SBs (197)

PDR Models based on Kaufiman
+1999: PDR Tool Box (http.//
dustem.astro.umd.edu/pdrt/)
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[OI163/ICII] — A GREAT THERMOMETER
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The [OI]/[CII] ratio can be used as a thermometer for the gas, provided that the density is
< 10% cm3. The ratio is very well correlated with the dust temperature, suggesting that

both phases are well mixed.
Only caveat comes from possible optical thickness of the [0I]63 transition.
Unfortunately [OI]163 only available with ALMA at z > 5.5. And [0I]145 x10 fainter.



[O l] 63 s E LF-A B s O R PT] O N HerCULES: Rosenberg+2015
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Only 30-50% of ULIRGs show
" s clear signatures.

Line Luminosity (Lo LIRGs not likely to be affected
HERUS: Farrah+2013 by [OI] self-absorption




CONCLUSIONS

FIR emission lines allow us to probe the conditions of the ISM in local galaxies, and
provide us with very useful diagnostics for interpreting objects at high-z.

The [CII] line is the dominant cooling line of the ISM almost at all luminosities, competing
with [OI]63 in the most extreme ULIRGs. Both account for 50-80% of the line cooling. CO

emission accounts only for ~10%.

Mechanical heating (shock-driven turbulence) may be important to explain high J
transitions of the CO ladder in the most luminous objects. However, PDR models still able
to reproduce the [CII] and [OI] line cooling seen in most LIRGsS. This is supported by the
observed constant [CII]/PAH ratio.

The [CII]/FIR ratio is related to the dust temperature and compactness of the starburst
and it is not necessary to invoke the presence of an AGN to explain it, except in the most
extreme cases, when < 109

If you don’t have any other FIR indicator apart from [CII] and its underlying continuum
for your high-z galaxy observed with ALMA, please use it for kinematics only because:

1) [CII] is not a good star formation rate indicator.
&) The continuum emission at 160um is not telling you anything about the starburst.

...unless you see an excess or extreme deficit in the line equivalent width.

LIRGs show G, values between 10 and 103 and densities between 10 and 10° cm®. Almost
always below the [CII] critical density. ULIRGS have G,’s a few times larger.

The [0I]63/[CII] ratio is a thermometer for the gas temperature.



