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Motivation

IRAS F20551-4250

IRAS F22491-1808

Images taken from https://hubblesite.org/

Local (U)LIRGs Lg(8-1000pum) >10™"" L, :

Powered by SF and AGN

Dusty and gas-rich

Most local Lig>10"1° L are galaxy mergers

Molecular (H,) gas strongly affected by gravity and feedback
H, gas found in: rotating disks, inflows, outflows, tidal tails

Still many misteries:

What are the physical properties (My», Tyin, NHo, €xtent) and
energetics of molecular outflows?

ISM 'extreme' throughout or just in some components (e.g.
outflows)?

What is the real extent of the H, reservoirs?

Low aco or large My,? CO-dark gas due to FUV and CR
irradiation?

Self-gravitating GMCs or diffuse turbulent 'envelope' phase?



Motivation

IRAS F22491-1808

Images taken from https://hubblesite.org/

IRAS F20551-4250

Excitation conditions (and a.,) of outflowing and non-

outflowing H, may be different but we need statistics to

confirm (Cicone+18; Dasyra+16, Oosterloo+17 for IC5063;
Cicone+12, Cicone+20 and Aalto+15 for Mrk231).

Previous studies focus on few sources, and/or
heterogeneous datasets, with different analyses and paying
little attention to aperture-matching and capturing large
scale flux.

We want to tackle a statistically significant sample of 40
local (U)LIRGs focusing on extended and diffuse emission.




Motivation

Cicone+18 From study of NGC6240's molecular outflow:
» Combining [CI] and CO info: different a.o and r»4 ratio for

*#Co(1-0) #co(2-1) [CI]°P,~°P, the quiescent and outflowing gas.
| I T * r,,(0F) > r,; (non OF) with a tentative trend of r,; increasing
with g, of the gas.
Do outflows embed warmer optically-thin CO phase?
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From study of NGC6240's molecular outflow:
» Combining [CI] and CO info: different a.o and r»4 ratio for
the quiescent and outflowing gas.
* 15,(0F) > r,; (non OF) with a tentative trend of r,, increasing
with g, of the gas.
Do outflows embed warmer optically-thin CO phase?

» A simple simultaneous spectral decomposition (broad/narrow
components) of integrated spectra yields results consistent
with proper outflow/non outflow spatial decomposition

- We applied same spectral decomposition method to a large
sample of (U)LIRGs observed with APEX in multiple CO and
[Cl] lines + ancilliary ALMA/ACA archival data.

- Is NGC6240 is an exception or not?




Sample selection

Selection criteria:

» Prior Herschel OH119 pm coverage (Veilleux+13,
Spoon+13)

* § < 15 deg to maximize overlap with APEX and
ACA/ALMA public archives

Sample: 40 sources (36 ULIRGs + 4 LIRGsS).

Properties:

z<0.2

0.0 < AAGN < 0.92

3 < SFR < ~ 300 Mgyr™*
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Observing strategy

Recall: we are targeting the extended and diffuse gas.
We prioritize observations with higher sensitivity to large-
scale structures, e.g. single-dish and low-res observations:

1. APEX data
2. ACA data
3. ALMA data

Final data coverage:
CO(1-0): 22 sources

CO(2-1): 40 sources
CO(3-2): 31 sources
[CI](1-0): 16 sources

Dec.

All data consistently re-reduced
and re-analysed, for interferometric
data spectra extracted from
apertures that maximise the flux

10.0 -0:17:00.0 50.0 16:40.0

20.0

2359

Galaxy IRAS 17208-0014 (HST in the background).

23.0

© CO(2-1): 27” APEXPI

22.517:23:22.021.5

R.A.

21.0

205




CO(1-0) (ALMA) CO(2-1) (APEX) CO(3-2) (APEX)

€O(1-0) co(2-1) €0(3-2) / - -
0405 [ [RAS 17208-0014 r 1.60 1| IRAS 17208-0014 r 24151 IRAS 17208-0014 / i
dv=27 km/s / dv=31 ks / 1932 4| Av=32 km/s L
F 1.28 + | APEX (PI) F = APEX (P)
. r \‘
h \ i L

> 0324 +| ALMA (archive) =
=2 = =
2 0243 2 096 - g
2 2 2
L o162 S 064 - g 0.966
Z 081 \ L El 032 4 i Z oas3
= A = 75 D) AN H-LIJ
L FR | P N 0.000 J-f]-ry . LI R
oo —— o0 e el AN | A
- 023 F . . . . .
R T et T prtngpmme oty § 0 P pmangeag U Simult fit with multiple G max 3
§ oo <t I T A= i e W L g 001 e L imuitaneous T1it Wi uitipie Gaussians ax
—0.02 -0.2 4 - :
-1000 500 0 500 1000 ~1000 500 0 500 1000 -1000 500 0 500 1000
Velocity [km/s] Velocity [km/s] Velocity [km/s]

[CI](1-0) (APEX) & CO lines:
: * (CO transitions tied to be fitted with same

] : components (same g, and v,,,,, different flux)
S M ”LIIJ_ * Working hypothesis is that the high-a,, and/or
o - — i high-v..,, components tend to be more

£ gl date o gl dominated by outflowing gas (tested on

-1000 =500 500 1000

CO(-0)(ACA)  CO(@-1) (APEX) CO@3-2) (ACA) NGC6240, see Cicone+18)

Flux density [Jy]
°
©
&
=
—
—
—
F
=]
—]
-~
—

This enables us to investigate any statistical

0.280 '_IRAS F23128-5919 - 1.060 4| IRAS F23128-5919 [ - 1.775 4| IRAS F23128-5919
g 0.224 | dA‘éiltlarckthe) - g 0.848 i‘l’;:%(o(llg?ls F g 1.420 g‘(?;(ﬁ’hsive)
%’ 0.168 \“ r 4; 0.636 F .; 1.065 r
= 8 =] 2 - -
£ ! 7 g o i a trends between CO line ratios and v_.,, and/or
\ ]
E 0.056 "\\ E 0.212 A E 0.355 F
o,, of spectral components

' ' ey e [CI] line fitted separately from CO due to lower

0 [
Velocity [km/s] Velocity [km/s]

[CI](1-0) (APEX) & _ S/N - enables investigation of any differences
o { b . between CO and [CI] kinematics

Zﬁlﬂ ’1 !

Flux density [Jy]

Lrhpj” |J | ISl Montoya Arroyave et al. 2023




[Cl]-based a, estimate

Montoya Arroyave et al. 2023
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i T Mean = 1.9 £ 0.4 ]
Use the [CI](1-0) line to estimate a.p. Assumptions: 5 0L Median = 1.7 + 0.5 ]
—_ 2.0¢[ 11
« [Cl] is a tracer of bulk of H, as good as CO s L MWvalue ... e e e OE;
(supported by tight ~linear relation between [CI] ) Na 4.01 i\ 15
and CO line luminosity, see e.g. Jiao+17), and _8 ~ i T 1'%
potentially superior because capturing CO-dark = » 3'0;_ 4 %® 18
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Xc = (34 1.5) 107> (Weiss+05,Papadopoulos+04, 12.0 11)2’2 L %124% 12.6 12345
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Papadopoulos+22.
MyCP2sed 0] = 1.293%10~* (X1 Q10) ™ Licr1-0y (aco)™edian = 1.7 + 0.5 Mg (Kkm s~ pc?)~?
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Global CO line ratios e S e

Mao+10: (r3,) = 0.61
YaO+03Z <r31> = 066
Montoya Arroyave et al. 2023

Mean = 1.12 = 0.03 : Mean = 0.81 * 0.02 : Mean = 0.79 = 0.02
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g : The whole molecular ISM
“2 2] is extreme in these
I : sources.
9):0 0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5 %.0 0?5 1.0 1.5 2.0 2.5
T21 r31 I32 Global low-J CO line ratios
Extremely high galaxy-integrated CO line ratios, suggesting high excitation rates for are generally poor tracers
(U)LIRGs. Offset from global galaxy population is even more extreme for higher-J of CO excitation in
lines. (U)LIRGs.

Global ratios > 1 values are extremely rare in local Universe, yet r,; > 1 are
predominant in our sample of ULIRGs (higher excitation + optical depth effects)

Absence of significant correlations between global r4 and r3, line ratios and Galaxy
properties.

T}l Only rz¢ correlates with Lig and SFR but not with Lagy.




Effects of high-v/o gas on CO line ratios

) 1: p-value = 0.38 |
For some sources, higher excitation is already visible in these o T
low-J CO lines. 1.7 ], . .
& 1.3F ¢ ¢
The trend found for r,; is most likely due to optical depth 09:% ‘i 55% 0}%
effects, as no similar trend is found for higher ratios, which Nl 0 :
would be more sensitive to excitation effects. 0.5 | E § 1 -
_ _ o 01536~ 156:0 1500 300.0" " 250.0 3000 350.0
Even though there are hints of higher excitation for components Ov + |[Veen| [km/s]
with higher o, and/or |v.ey|, it may not be the rule of thumb o o
for all (U)LIRGs, and may be present only for very extreme 200 p=031
cases, such as NGC6240. [ pvalue =0.13
1.6
Higher-J CO lines (with high sensitivity to large scale - 12F
structures) are needed for a clearer view on the physical state |
of the gas. e P
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Global r ;o line ratio

Montoya Arroyave et al. 2023 We measure (r¢jco)™*" = 0.18.

w

NGC 6240

l

Number of sources
NO

—

Higher than previous studies [CI](1-0)/CO(1-0) studies.
Mean = 0.21 = 0.009

Median: = 0.18 + 0.012 Jiao+19 (Herschel+Nobeyama, 15 nearby galaxies):

(rcico)™ed®™ = 0.11
Michiyama+21 (25 local ULIRGs, [Cl] from ACA and CO(1-0)
from literature):
(rerco)y™edian = 0,13 + 0.07

» Very few previous works with uniform [Cl] and low-J CO
coverage

« We have 7 sources in common with Michiyama+21,
but for 5 of them we used our own APEX PI [CI] data
because of higher quality compared to their ACA [CI]
data (30-40% [CI] flux loss in their ACA data)

%.o 0.1 0.2 0.3
I'cico

L’ icni-oyL'coq-o)

0.4 0.5 0.6

We measure significantly higher [CI]/CO ratios in ULIRGs and our
study highlights the limitations of previous works that lack low-J
CO coverage and miss significant [CI] flux




CO and [CI] as independent tracers

L L T T T T
10'5__ ---Linear regression 7
- —— Jiao+17 .

[ sesmnnce Jiao+19

How accurate is the assumption of CO and [CI] to be
concomitant with H,?
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Tight -almost linear- correlation between both
species luminosities for our sample of (U)LIRGs
(similar to results by Jiao+17, Jiao+19).
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Suggesting CO and [CI] arise from similar regions, at
least when averaged over galactic scales.

Best fit: y = (-0.10+0.73)4+(1.10£0.08)x 1
p = 0.89, p-value = 3.83e-06 -
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CO and [CI] as independent tracers |
200
= S
o F Wiccan &
What about kinematics? g o ' %,,—' g
In our sample, [Cl] lines are on average narrower than the CO lines, especially 3 100} -
in high-o,, sources. S ' ]
r 88— ]
Still a marginal result, larger statistics needed. 500 A p = 0.81, p-value = 4.93¢-04
: y = (29.70+9.19)+(0.64+0.07)x
The [CI] vs CO line width best fit relation predicts very nicely the NGC6240 TT75 100 125 150 175 300 225 250

v,co [km s™1
value (not included in the fit). On average: ¢.1/6€0 = 0.91 + 0.4 0,0, Lt 57

1000 —

Discrepancy becomes larger if consider wings of the lines (probed by v97-v2.3 ¥ Ce““i,»ﬁ;«"

and v99-v01): g 800 e ]
o4

8 600 -
Possible causes: =

* Depletion of Carbon in line wings (but would be at odds with S ool 1
theoretical predictions of CO-dark gas in outflows)? |

» Optical depth effects (little mass in high-v components: g | 4 I ]

optically thin [CI] is faint, while optically thick CO is bright)? > 200 ,e (gs 6‘;3251’8‘;;31(% 7(;1+%1f2‘;2 .

200 400 600 800 1000

Vo7.7 — V2.3 CO [km s7]
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Impact of molecular outflows on global line ratios?

[CI](1-0)/CO(1-0) ratio vs OH outflow strengths CO line ratios vs OH outflows
=029, pvalue = 0.38 T S
0.4 y = (0.20+0.11)+(-7.376-05+9.416-05)x 1 04l ] 2.0F s
1.8 I3y
[72] ]
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F 'y =(0.09%£0.03)+(-3.79e-04+3.50e-04)x p : ]
200 600 800 1000 1200 ~ 1400 400 300 =200 100 0 025750 — 300~ 150 0 150

OH outflow velocity [km s™!] OH equivalent width [km s™!] OH equivalent width [km s™!]

* No statistically significant trends observed between line ratios (r»1, r31, or rgico) and OH outflow
velocity or OH equivalent width

* Possibly any effects are washed out on global scales, see e.g. Arp220 where ;.o = 0.9 £ 0.3 in
molecular outflow, while the galaxy-averaged value is (r¢;co) = 0.22 + 0.04 (Ueda+22)

« Lack of dynamic range in outflow and galaxy properties also a potential issue -> but not so easy to

/} solve, getting [Cl] and high-J CO for "normal" galaxies is challenging
é~ |



Conclusions

We use CO and [Cl] as
independent molecular gas
tracers and derive an a., factor
of 1.7+ 0.4 Mgp(Kkms™!pc?)™?
for our sample of local (U)LIRGs.

Only r3; shows correlation with
SFR and Lz . Low-J CO lines are
inadequate tracers of heating or
density effects and so of the H,
gas excitation.

Our sample probes very extreme
and narrow regimes in galaxy
properties, such as L;g, SFR,

Lacn, and is difficult to retrieve
scaling relations seen in MS
galaxies.

Different linewidths between CO

and [CI]. Could they be tracing

different kinematics and/or gas
environments?

Global CO line ratios are
remarkably high when compared
to normal disc galaxies; such
high values suggest optical depth
effects. Supported by kinematical
analysis.

Some sources show higher CO
line ratios and/or higher rgico
values in outflow components,
but such trends are not
statistically significant in the
sample (washed out)




