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ABSTRACT

Aims. The cold molecular gas mass is one of the crucial, yet challenging parameters in galaxy evolution studies. Here, we introduce
a new calibration and method for estimating molecular gas masses using the mid-infrared (MIR) photometry. This topic is timely,
as the James Webb Space Telescope (JWST) now allows us to detect the MIR emission of typical main-sequence galaxies across a
wide range of masses and star formation rates with modest time investments. Additionally, this Letter highlights the strong synergy
between ALMA and JWST for studies of dust and gas at cosmic noon.

Methods. We combine a sample of 14 main sequence galaxies at z = 1 —3 with robust CO detections and multi-band MIR photometry,
along with a literature sample at z = 0 — 4 with CO and PAH spectroscopy, to study the relationship between PAH, CO(1-0), and total
IR luminosities. PAH luminosities are derived from modeling a wealth of rest-frame UV to sub-mm data. The new z = 1 — 3 sample
extends previous high-z studies to about an order-of-magnitude lower PAH and CO luminosities, into the regime of local starbursts
for the first time.

Results. The PAH-to-CO luminosity ratio remains constant across a wide range of luminosities, for various galaxy types, and through-
out the explored redshift range. In contrast, the PAH-to-IR and CO-to-IR luminosity ratios deviate from a constant value at high
IR luminosities. The intrinsic scatter in the L(PAH)-L’(CO) relation is 0.21 dex, with a median of 1.40, and a power-law slope of
1.07 + 0.04. Both the PAH-IR and CO-IR relations are sub-linear. Given the tight and uniform PAH-CO relation over ~ 3 orders of
magnitude, we provide a recipe to estimate the cold molecular gas mass of galaxies from PAH luminosities, with a PAH-to-molecular
gas conversion factor of apan,, = (3.08 £ 1.08)(4.3/aco) Mo/ Lo. This method opens a new window to explore the gas content of
galaxies beyond the local Universe using multi-wavelength JWST/MIRI imaging.
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1. Introduction
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Stars form from clouds of molecular hydrogen in the cold and
dense regions of the interstellar medium (ISM; McKee & Os-
triker 2007), and their radiation interacts with the gas and dust
= in the ISM through photoexcitation, photoionization, photodis-
sociation, and heating processes. These processes determine the
physical state of the ISM and determine the shape of the gas and
dust spectral energy distribution (SED) of galaxies. Therefore,
= = simultaneous study of these components and their relationship is
an integral part of understanding galaxy evolution. To study the

'>< molecular gas content of galaxies, CO emission is often adopted
as a tracer. This is simply because the emission from cold Hp,

a the main constituent of the molecular gas in galaxies, is weak
and extremely challenging to observe (Bolatto et al. 2013). Dif-
ferent rotational transitions of CO emit at millimeter (mm) wave-
lengths, which are observable with (sub)-mm facilities, such as
ALMA, over a wide range of redshifts (Carilli & Walter 2013).
On the other hand, to study dust, observing its emission in in-
frared (IR) is required. In the mid-IR (MIR) regime, the emission
emerges from small dust grains that, in star-forming galaxies, are
dominated by polycyclic aromatic hydrocarbons (PAHs) in the
photodissociation regions. PAHs are complex organic molecules
that absorb UV photons and radiate in MIR, with the strongest
emission at 7.7 um (Tielens 2008). As the UV radiation in the

2409.057

local radiation field of star-forming galaxies is often dominated
by radiation from young stars, PAH emission is often used as a
star-formation rate (SFR) indicator (Calzetti 2011; Rujopakarn
et al. 2013; Shivaei et al. 2017; Whitaker et al. 2017). This SFR
diagnostic has the advantage of being insensitive to dust atten-
uation, compared to UV and optical diagnostics (Kennicutt &
Evans 2012), but also the caveat of having a non-linear relation
at low metallicities (Shivaei et al. 2017) and high IR luminosities
(Shipley et al. 2016). On the other hand, PAHs can also get ex-
cited by nonionizing radiation from evolved stellar populations
(Draine & Li 2001; Sellgren 2001; Haas et al. 2002; Li & Draine
2002; Zhang et al. 2022), which also heats the diffuse interstel-
lar dust and gas. In fact, PAHs are also observed to be co-spatial
with cold dust and cold gas in local galaxies (Chown et al. 2021;
Gao et al. 2022; Leroy et al. 2023a; Zhang & Ho 2023).

While many studies use the CO and PAH observations to
study molecular gas mass and SFR, respectively, fewer have di-
rectly studied the relationship between the PAH and CO emis-
sion. Among these few studies, it has been shown that PAH
emission correlates strongly with CO emission at sub-kpc scales
over diverse environments of star-forming and AGN host lo-
cal galaxies (Chown et al. 2021; Gao et al. 2022; Leroy et al.
2023b; Zhang & Ho 2023) and that the PAH-CO correlation is
stronger than that of CO-SFR or PAH-SFR (Whitcomb et al.
2023). Beyond the local Universe, there are even fewer stud-
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Fig. 1. Demonstration of the data from HST, JWST, Herschel and ALMA, and the best-fit Spectral Energy Distribution (SED), for one of the
galaxies in the sample. The wealth of photometric observations from rest-frame UV to FIR, in addition to spectroscopic redshift, enables detailed
SED fitting that can robustly constrain the PAH features. The filter transmission curves of the available photometric data for the sample are shown
at the bottom. The SEDs of the full sample will be available online through the journal.

ies that have looked into the PAH-CO connection (Pope et al.
2013; Cortzen et al. 2019). Cortzen et al. (2019) compiled a
large sample of galaxies with MIR spectroscopy and CO obser-
vations and find that on integrated scales, there is a universal
PAH-CO relation from z ~ 0 to ~ 4. The higher redshift datasets
used in Cortzen et al. (2019) are inevitably limited to extreme
galaxy populations of sub-mm galaxies (SMGs), ultra-luminous
IR galaxies (ULIRGS), starbursts, or very massive/star-forming
main-sequence galaxies, as the only sufficiently sensitive MIR
spectrometer before JWST was Spitzer IRS. As a result, their re-
sults in the LIRG regime and below are based on z ~ 0 data
alone, missing the typical, L. population of galaxies at high red-
shifts. This limitation can now be overcome by the sensitive Mid
Infrared Instrument (MIRI; Rieke et al. 2015; Wright et al. 2023)
onboard the JWST.

The advent of JWST enables us to probe PAH emission in
typical galaxies at cosmic noon though both spectroscopy and
photometry with MIRI. While spectroscopy is the ideal method,
it is still very expensive even with MIRI medium-resolution
spectrometer (MRS; for example, the JWST Cycle 3 program
PAHSPECS, PID 5279, takes ~ 10 hours per object for typical
main-sequence galaxies at z ~ 1). Thankfully, owing to the con-
tinuous multi-band coverage of the MIRI Imager, it is possible
to robustly determine the luminosity of the broad PAH features
at z < 3, when observed in multiple bands of MIRI at 5.6 to
25.5 um. This has been demonstrated in Shivaei et al. (2024)
using the largest available MIRI multi-band survey, SMILES
(Rieke et al. 2024, Alberts et al. 2024).

In this Letter, we take advantage of the PAH measurements
from the JWST/MIRI SMILES survey from Shivaei et al. (2024)
and the CO measurements from the ALMA Spectroscopic Sur-
vey in the HUDF (ASPECS) from Boogaard et al. (2019, 2020),
to investigate the coupling between PAH and molecular gas
emission in typical galaxies at z = 1 — 3. To place our results
within the broader context of the PAH and CO redshift evolu-
tion, we incorporate z ~ 0 data from the literature. Addition-
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ally, to explore the relationship across different galaxy popula-
tions, we include existing samples of starbursts, ULIRGs, and
SMGs at z = 1 — 4 from the literature. Thus, this Letter has two
primary goals: 1) to extend the PAH-CO relationship to typical
galaxy populations at high redshifts for the first time, and 2) to
demonstrate the effectiveness of MIRI multi-band photometry
in accurately measuring PAH luminosities, consistent with spec-
troscopic measurements. This is a particularly timely topic, as
it opens up a new avenue for measuring molecular gas masses
in statistically large and representative samples of galaxies using
MIR imaging with the JWST.

2. Sample and Measurements
2.1. This work

This paper is based on the the extensive observations in the
Hubble Ultra Deep Field from the ALMA ASPECS and JWST
SMILES surveys. The ASPECS large program performed spec-
tral scans of the full ALMA bands 3 and 6 to provide an inven-
tory of the cosmic molecular gas and dust content of galaxies
out to high-redshift (Decarli et al. 2019, 2020). SMILES is a
30-arcmin? MIRI multi-band imaging survey from JWST Cy-
cle 1 GTO time (Ricke et al. 2024; Alberts et al. 2024). It ob-
served in eight MIRI filters from 5.6 to 25.5 um, as shown in Fig-
ure 1: F560W, F770W, F1000W, F1280W, F1500W, F1800W,
F2100W, F2550W.

The sample in this work consists of all but one (14 out of 15)
of the CO emitters in the flux-limited sample from ASPECS at
z = 1-3 (Boogaard et al. 2019). source (3mm.08) was excluded
because it is almost fully behind a foreground spiral galaxy pro-
hibiting an analysis of its SED. The redshift criterion was set to
ensure sufficient coverage of the PAH MIR emission by MIRI
and only one galaxy (3mm.13 at z = 3.6) from the full par-
ent CO sample (16 sources) was excluded by this criterion. All
sources have extensive HST ACS and WFC3 (CANDELS; Gro-
gin et al. 2011; Koekemoer et al. 2011) and JWST NIRCam



Irene Shivaei and Leindert A. Boogaard: The tight correlation of PAH and CO emission from z ~ 0 to 4

10g(Mmol/Mo)
8 9 10 11 12
—~ 1] — best fit
O 10" moving median
&)’ —- median
|
~
i~ T
S0 ———m
I
<
[a
—
107! + +
— best fit
1171 » -+ Cortzen+19 fit
22
] e
~ |3 ﬁ;{%
o) =
— 107 ! ooy
= |2 . g ¢
~ 0 2 X 5
:E -05 0.0 05 X2
< 9 Residuals / .
o X
-
(=2 8 © z~1-3SFGs (ASPECS)
o z=1-1.5 70um sources
z=1-2 ULIRGs
z=1-4SMGs
z=0-0.4 SFGs (5MUSES)
7 1 local ULIRGs T
7 8 9 10 11

log(L'(CO) / K km s~1 pc?)

Fig. 2. PAH and CO luminosity from z ~ 0 to 4. Data at redshifts below and above 1 are shown in blue and orange, respectively. The ASPECS sam-
ple from this work is shown with orange circles. Other samples are from the compilation of Cortzen et al. (2019) : high-z non-ULIRG sources (Pope
et al. 2013), high-z ULIRGs (Yan et al. 2010), local SFGs (Kirkpatrick et al. 2014; Cortzen et al. 2019), local ULIRGs (Armus et al. 2007; Desai
et al. 2007). Our sample clearly bridges the previously existing gap between the low and high-z relations and extends the high-z sample to about
an order of magnitude lower PAH and CO luminosities, into the regime of local (U)LIRGS. We marked the AGN-dominated star-forming galaxies
(SFGs) at all redshifts in red. For reference, molecular gas mass estimates from CO luminosities (assuming aco = 4.3 My(K km s7! pc?)~!; Bo-
latto et al. 2013) are shown the top horizontal axis. In both panels, the best-fit linear model to log(L(PAH))—log(L’(CO)) using HypErFiT method
(Robotham & Obreschkow 2015) is shown with a solid black line. Grey shaded region indicates the intrinsic vertical scatter from the fit. The inset
panel shows the histogram of the fit residuals, which are centered at 0 with a small scatter (7). The C19 best-fit line is shown with a dotted line in
the bottom panel. The top panel also shows the median of L(PAH) to L’(CO) ratio (dashed-dotted line) and its moving (running) median and scatter
(purple solid line and shaded region). All statistical parameters are listed in Table 1. As shown by the moving median and the fit, the PAH-to-CO
luminosity ratio is fully consistent with a constant value for a diverse population of galaxies from SFGs to ULIRGs, SMGs, and starbursts at z = 0

to ~ 4.

(JADES; Rieke et al. 2023) coverage, and unambiguous far-IR
Herschel counterparts (Elbaz et al. 2011).

For details about the HST and JWST photometry and SED
fitting, we refer to Shivaei et al. (2024). The only difference be-
tween the SED fitting in Shivaei et al. (2024) and this work is
the inclusion of FIR continuum data from Herschel and ALMA
in this work. The FIR photometry is detailed in Boogaard et al.
(2020) and includes the PACS photometry at 100 and 160 um
(as the SPIRE photometry is typically strongly blended) as well
as ALMA continuum at 1.2 and 3.0 mm. In brief, the SED fitting
was done using the PROSPECTOR code Johnson et al. (2021),
assuming delayed-tau star formation history, a flexible Calzetti
attenuation curve, Draine & Li (2007) IR models, and includ-
ing nebular and AGN emission. All galaxies have spectroscopic
redshifts from CO observations. An example of the best-fit SED
model is shown in Figure 1.

AGN are identified through X-ray emission from deep Chan-
dra observations (Luo et al. 2017; Boogaard et al. 2019) and SED
fitting. From the SED fitting, we identified two galaxies where
the AGN contributed significantly to the IR SED (AGN fraction
> 0.05; 3mm.01 and 3mm.09). All AGN are marked in the fol-
lowing figures, however, they do not significantly differ from the
rest of the sample and excluding them do not change the results.

The PAH emission adopted in this work was measured from
the best-fit SEDs. Shivaei et al. (2024) shows that a full MIR
photometric coverage with MIRI bands provide reliable mea-
surements for the broad PAH bands at cosmic noon. We limit our
analysis to the 7.7 um PAH feature, as it is the strongest PAH fea-
ture and best constrained by photometry. We measured the PAH
7.7 um luminosity for individual fits using Equation 19 of Draine
et al. (2021). In brief, we first integrated the flux density from
6.9 to 9.7 um, assuming the feature strength to be zero on either
side. This method of estimating the continuum is closest to the
PAH decomposition method, such as those employed by codes
like PAHFIT (Smith et al. 2007) that are adopted in our literature
comparison sample (Section 2.2). We note, however, it can dif-
fer by a factor of 3.5 from estimates derived using cubic spline
methods, which are known to underestimate PAH fluxes (Smith
et al. 2007; Pope et al. 2008a). As the derived values are for the
continuum-subtracted 7.7 + 8.6 um PAH complex luminosity, we
then applied a 15% correction for the 8.6 um feature contami-
nation, to estimate the 7.7 yum luminosity alone. This correction
factor is determined from the median 7.7-to-8.6 um luminosity
ratio in Smith et al. (2007). Finally, we did not correct the PAH
spectra for silicate absorption, as the silicate absorption bands
tend to be weak or absent in typical star-forming regions (Brandl
et al. 2006; Garcia-Bernete et al. 2022; Donnan et al. 2024). Sup-
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Fig. 3. Same as Figure 2 for the PAH-IR luminosity (left) and CO-IR luminosity relationships (right). Total IR luminosity (L(IR)) is calculated
from 8 to 1000 um from the best-fit SEDs (Figure 1). Unlike the CO-PAH relation in Figure 2, the PAH-IR and CO-IR luminosity ratios are not
constant across the population—they decrease at high IR luminosities (ULIRG regime), leading to sub-linear fits.

porting this, our fits using the Draine & Li (2007) PAH mod-
els show no significant residuals around the 9.7 um silicate ab-
sorption. Future studies with both photometric and spectroscopic
MIR data for normal star-forming galaxies at high redshifts will
be needed to thoroughly compare the photometrically and spec-
troscopically derived PAH luminosities.

For details about the CO measurements and conversion of
the higher-J CO observations to CO(1-0) we refer to Boogaard
et al. (2019, 2020), respectively. In brief, we used low-J CO(2—
1) and CO(3-2) measurements from ALMA (Boogaard et al.
2019; Gonzdlez-Lopez et al. 2019) or, where available at high-
S/N, direct CO(1-0) measurements from the VLA (Boogaard
et al. 2020; Riechers et al. 2020, that is, for 3mm.1,7 and 9). To
convert the observed CO(2—1) and CO(3-2) transitions to CO(1-
0), we adopted the average conversion factors derived for these
galaxies by Boogaard et al. (2020) of r,; = 0.75 £ 0.11 and
r3; = 0.80 + 0.08, respectively. The redshifts, luminosities and
AGN classification are provided in Table 2.

2.2. Literature

The literature comparison used in this work is adopted from the
pre-JWST compilation of integrated PAH and CO measurements
in Cortzen et al. (2019, hereafter C19). In the absence of multi-
band MIR photometry (before JWST), the only robust way of
measuring PAH emission was spectroscopy. C19 incorporates
samples with both CO and PAH spectroscopy from z ~ 0 to 4.
However, owing to the sensitivity limitations, the high-redshift
sample (z > 1) is inevitably limited to SMGs, ULIRGs, star-
bursts, and massive galaxies. Here, we briefly describe the sam-
ple and refer to C19 for more detail. At z < 1, two samples of
SMUSES and local ULIRGs were adopted. SMUSES (Cortzen
et al. 2019; Kirkpatrick et al. 2014) is a 24 um limited sample at
z = 0.03 - 0.36 with CO(1-0) measurements and Spitzer IRAC,
MIPS, IRS, and far-IR Herschel SPIRE photometry. The AGN
in this sample are identified from 6.2 yum equivalent widths. The
local ULIRG sample has IRS spectra from Armus et al. (2007)
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and Desai et al. (2007). At z > 1, there are nine 24 um selected
ULIRGSs at z ~ 1 — 2 from Yan et al. (2010) and twelve galaxies
(SMG, BzK, 70 um selected) from various surveys compiled in
Pope et al. (2013). From that sample, we removed the three (out
of six) MIPS 70 um-detected sources that are reported to be close
pairs in optical but unresolved in IR and CO observations (Pope
et al. 2013) due to the uncertainty of MIR, FIR, and CO emis-
sion being co-spatial (i.e., from the same source). For the higher-
redshift sources with only higher-J lines, CO(1-0) luminosities
are estimated using the conversion factors from Bothwell et al.
(2013, rp; = 0.84 £ 0.13, r3; = 0.52 £ 0.09, r4; = 0.41 £ 0.07),
derived from z = 1-4 SMGs (cf. Birkin et al. 2021).

3. Results: PAH, CO and IR luminosity relationships

In this section we explore the relationship between PAH, CO,
and total IR luminosity using various statistical methods, includ-
ing the Pearson correlation coefficient, linear regression, and cal-
culating medians and scatters. To quantify the relationship, we fit
the data using HyperFrr', which implements a two-dimensional
model that takes into account intrinsic scatter in the relationship
as well as heteroscedastic errors on both variables (Robotham &
Obreschkow 2015).

Figure 2 shows the relationship between the PAH 7.7 um
emission and CO(1-0) luminosity from z ~ 0 to 4. The newly
added data from this work extends the PAH and CO luminosity
of previous studies at z > 1 to about an order of magnitude lower
values, into the regime of nearby galaxies, clearly bridging the
gap between the z ~ 0 and the z > 1 samples before JWST. This
extension reveals that the relationship between PAH and CO lu-
minosity holds over the entire explored redshift and galaxy pop-
ulation ranges. As shown in the top panel of Figure 2, the ratio
of PAH-to-CO(1-0) luminosity stays constant over the full sam-
ple without any significant deviation from the median value of

SPEEY = 1.40 + 0.49, where 0.49 is the mean absolute devia-

! https://github.com/CullanHowlett/HyperFit
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Table 1. Statistical properties and best-fit relations between the PAH, CO and IR luminosities.

y—Xx sample (N) o p-value a B Tine [dex] median

L(PAH;7)/Ls — L'(CO)/K km s~! pc? All (86) 094 6e-40 1.07+0.04 -052+036 0.21+0.02 1.40+0.49

L(PAH;77)/Ls — L'(CO)/K km s™! pc> no AGN (71) 0.95 le-37 1.07+0.04 -0.40+0.38 0.19+0.03 1.42+0.45

L(PAH;7)/Ls — L'(CO)/K km s~! pc? z>1(28) 0.85 8e-9 1.18+0.18 -1.76 +1.62 0.19+0.07 1.32+0.40
L(PAH;7)/Ls — L(IR)/ L All (95) 094 2e45 0.84+0.02 0.09+023 0.20£0.02 0.022+0.010
L(PAH;7)/Lo — L(IR)/Lg no AGN (76) 094 5e-36  0.83+0.02 031+028 0.21+£0.02 0.024 +0.010
L(PAH;7)/Ly — L(AR)/ L z>1(29) 0.85 4e-9 0.81 £0.07 058 +0.80 0.19+0.04 0.018 = 0.009
L'(CO)/K km s~! pc? — L(IR)/Lg, All (92) 092 1e-38 0.82+0.02 0.15+0.29 0.25+0.02 0.017 +0.008
L'(CO)/K km s~! pc? — L(AR)/L, no AGN (76) 094 1e-36  0.80+0.03 0.43+032 0.22+0.02 0.017 +0.007
L’'(CO)/K km s~! pc? — L(IR)/L¢ z>1(@31) 0.86 5e-10 0.67+0.06 2.15+0.78 0.19+0.04 0.013 +0.006

Columns are, from left to right: pair of parameters (y, x), sample for which the fits are done and its size (N), Pearson correlation
factor (p) and associated p-value for the log(y) — log(x), slope («), intercept (5), and vertical intrinsic scatter from linear fit to
log(y) = alog(x) + B (using HyperFit, errors are estimated using MCMC method; oj,), median and MAD of y/x.

tion (MAD) of the ratio. From the best-fit relation, the intrinsic
vertical scatter is 0.21 dex, while the scatter normal to the plane
is 0.15 dex, which are relatively small compared to most galaxy
scaling relations (e.g., ~ 0.3 dex in the star formation law as in
Kennicutt & De Los Reyes 2021, and ~ 0.3 dex in the star form-
ing main-sequence relation at z ~ 2 as in Shivaei et al. 2015).
Our fit to the full sample agrees well with the linear relation of
C19. The best-fit slope being slightly super-linear is primarily
driven by the 70 um-selected sources that all have high PAH-
to-CO ratios with small error bars. These sources are known to
have very strong PAH emission (Pope et al. 2013; Cortzen et al.
2019), with the PAHs contributing a significant fraction of the
total IR luminosity, as seen in their PAH-to-LIR ratio (Figure 3).
Even so, the moving median of the PAH-to-CO ratio remains flat
over the full luminosity range. The slope, intercept, and intrinsic
scatter of the fit are given in Table 1.

Figure 3 shows the PAH and CO luminosity relations with
total IR luminosity, L(IR). While the relations are linear with
small scatter, similar to that of PAH-CO relation, the deviation
from the sample’s median at L(IR) > 102 L, at z ~ 0 and
L(IR) 2 10'>° Ly at z > 1 is noticeable (top panels of Fig-
ure 3). Both the PAH- and CO-to-IR luminosity ratios decrease
significantly at high IR luminosities, also leading to sub-linear
slopes for the best fit values (listed in Table 1). This behaviour
has been seen previously for both the PAH-to-IR (Pope et al.
2013; Stierwalt et al. 2014; Shipley et al. 2016) and the CO-to-
IR luminosities (Cortzen et al. 2019; Herrero-Illana et al. 2019).
In local ULIRGS, the PAH luminosity is observed to decrease
with increasing IR luminosity, possibly because the AGN emis-
sion starts to dominate the MIR emission (Desai et al. 2007).
The observed trend of decreasing PAH luminosity with increas-
ing IR luminosity occurs at higher IR luminosities at z > 1 com-
pared to that at z ~ 0, possibly because of the more extended
star formation and lower surface density of ULIRGs at high red-
shifts (Rujopakarn et al. 2013), or relatively lower contribution
from the AGN at fixed IR luminosity (cf. Pope et al. 2008b,a;
Desai et al. 2009). Similarly, for galaxies with efficient star for-
mation activity, such as local ULIRGs and high-redshift SMGs
with a high fraction of interacting galaxies, it is expected that
the CO to IR luminosity ratio, which is proportional to gas deple-
tion timescale, is lower than normal star forming galaxies (Daddi
et al. 2010a; Pope et al. 2013, cf. Saintonge et al. 2017; Tacconi
et al. 2020).

In conclusion, from the presented compilation of galaxies
at z ~ 0 to 4, ranging from star-forming main sequence galax-
ies to ULIRGs and SMGs, the L(PAH)-L’(CO) ratio is the only
one that remains constant across the entire population. Both the
L(PAH)-L(IR) and L’(CO)-L(IR) relations are sub-linear, indi-
cating a different coupling of the PAH and cold gas emission to
the total dust luminosity in the ULIRG and HyLIRG regimes.

4. Implications: PAH luminosity as a tracer of
molecular gas mass

The linear and relatively tight and universal relation of L(PAH)-
L’(CO) intrigues the idea of adopting PAHs as a tracer of molec-
ular gas mass, particularly in the era of sensitive MIR instru-
ments onboard of JWST. Given an assumed CO luminosity to
molecular gas mass conversion, @co, we propose a PAH 7.7 um
luminosity to molecular gas mass conversion factor:

Mot _ aco L'(CO) _ aco
L(PAH,,) _ L(PAH,,) _ 1.40+049°
(D

which implies the molecular gas mass can be derived from the
PAH luminosity as:

apan,;[Mo/Lol =

Mot [Mo] = 3.08 = 1.08 (ﬁ) L(PAH; ) [Lo]. 2)
aco

Here, in Equation 1, 1.40 + 0.49 is the median ratio of PAH-to-
CO luminosity ratio for the full sample reported in Table 1 with
the MAD scatter (see Section 3). Alternatively, the preferred
L(PAH77)-L'(CO) relation from Table 1 can be inserted in Equa-
tion 1. For the final value in Equation 2 we adopted a Milky-Way
aco = 43Mp(K kms™! pcz)‘1 (Bolatto et al. 2013). The aco
conversion factor is known to vary among galaxies and galaxy
types, and a Milky-Way like aco has been found to be applicable
to (massive, near-solar metallicity) star-forming galaxies in the
local Universe and at higher redshifts (e.g. Daddi et al. 2010b).
While a detailed discussion is beyond the scope of this work (see
Bolatto et al. 2013 for a review), we note that in extreme (nu-
clear) starburst conditions, such as ULIRGS and SMGs, a lower
value of aco may apply (typically 0.8 is assumed; Downes &
Solomon 1998; Papadopoulos et al. 2012, though cf. Dunne et al.
2022), while in low-metallicity environments the conversion fac-
tor increases (Maloney & Black 1988; Israel 1997; Wolfire et al.
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2010; Sandstrom et al. 2013), which may become increasingly
relevant for SFGs at high redshift (Boogaard et al. 2021).

In the era of JWST, the luminosity of the high-equivalent
width PAH features can be measured up to z ~ 3 using the MIRI
imager, with modest (~ 10—30 minute) integration times already
reaching the LIRG regime and below, as demonstrated in this
Letter (see also Shen et al. 2023; Magnelli et al. 2023; Shivaei
et al. 2024; Ronayne et al. 2024). This makes PAH observations
far more accessible for large samples of galaxies at cosmic noon
compared to CO observations with ALMA, which require sig-
nificant time investments. This Letter shows that, owing to the
tight and linear relationship between PAH 7.7 yum and CO lumi-
nosity across a wide range of galaxy populations and redshifts,
the proposed apan,, can be used as a valuable tool to explore the
molecular gas content for large samples of galaxies. This opens
a new window for statistical studies of gas and star formation
beyond our local Universe, not only in the ULIRG regime but
also in typical populations of main-sequence galaxies.
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Table 2. PAH, CO, and IR luminosities of the main-sequence (ASPECS) sample.

Irene Shivaei and Leindert A. Boogaard: The tight correlation of PAH and CO emission from z ~ 0 to 4

ID_3mm RA Dec z  log(L(PAH;7)/Ly) log(L'(CO)/Kkms 'pc?) log(LAR)/L,)  AGN
I 03:32:38.54 27:46:34.62 2.543 10.69 = 0.03 10.51 + 0.09 12.65+0.03 X-ray/IR
2 03:32:42.38 -27:47:07.92 1.317 9.82 +0.16 10.15 + 0.07 11.50 + 0.04 -
3 03:32:41.02  -27:46:31.56 2.454 10.30 + 0.17 10.21 + 0.09 12.01 + -0.04 -
4 03:32:34.44 -27:46:59.82 1.414 10.41 = 0.06 10.49 + 0.07 11.99 + 0.02 -
5 03:32:39.76  -27:46:11.58 1.551 10.49 + 0.10 10.44 + 0.07 1201 £0.04  Xray
6 03:32:39.90 -27:47:15.12  1.095 10.10 + 0.04 10.01 + 0.08 11.46 + -0.01 -
7 03:32:43.53  -27:46:39.47  2.696 10.70 + 0.09 10.48 + 0.15 12.44 + -0.01 -
9 03:32:44.03 -27:46:36.05 2.698 10.60 = 0.15 10.11 + 0.09 12.57 £0.07  X-ray/IR
10 03:32:42.98 -27:46:50.45 1.037 10.11 + 0.06 10.05 + 0.08 11.69 + 0.03 -
11 03:32:39.80 -27:46:53.70  1.096 9.44 +0.32 9.53 +0.10 10.91 = 0.10 -
12 03:32:36.21 -27:46:27.78  2.574 10.16 + 0.13 9.77 + 0.10 11.54 £-0.04  X-ray
14 03:32:34.84 -27:46:40.74  1.098 9.97 + 0.04 9.87 + 0.09 11.46 + -0.03 -
15 03:32:36.48 -27:46:31.92  1.096 9.81 + 0.05 9.65 + 0.09 1157 £0.01  X-ray
16 03:32:39.92  -27:46:07.44 1.294 9.75 £ 0.19 9.37 +0.08 11.19 = -0.05 -

Columns are, from left to right: ASPECS 3mm ID, Right Ascension, Declination, spectroscopic redshift, PAH 7.7 ym luminosity,
CO(1-0) luminosity, total IR luminosity, AGN flag (X-ray, IR, or no AGN). Note that 3mm.8 and 3mm.13 are not included; the
former because it is largely behind a foreground galaxy, the latter because it is at z > 3 and thus lacks the PAH coverage from MIRL.
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