Journal of
Astronomical Telescopes,
Instruments, and Systems

RESEARCH PAPER

Radial variation of the silicate-to-carbon ratio In
M31 probed by PRIMA

Jérémy Chastenet®,>* llse De Looze,** Maarten Baes®,* Simone Bianchi®,
Viviana Casasola®,® Laure Ciesla®,® Stephen Eales,® Jacopo Fritz®,f -
Frédéric Galliano®,? Suzanne C. Madden,? Angelos Nersesian®," Monica Relafio,"!

Matthew W. L. Smith®,® Stefan van der Giessen, and Emmanuel Xilouris"
aUniversiteit Gent, Sterrenkundig Observatorium, Gent, Belgium
PINAF - Osservatorio Astrofisico di Arcetri, Firenze, Italy
°INAF - Istituto di Radioastronomia, Bologna, Italy
dAix Marseille Univ, CNRS, CNES, LAM, Marseille, France
€Cardiff University, School of Physics and Astronomy, Cardiff, United Kingdom
fUniversidad Nacional Auténoma de México, Instituto de Radioastronomia y Astrofisica, Morelia, Mexico
9Université Paris-Saclay, Université Paris Cité, CEA, CNRS, AIM, Gif-sur-Yvette, France
"STAR Institute, Quartier Agora - Allée du six Aodt, Liége, Belgium
Dept. Fisica Teorica y del Cosmos, Granada, Spain
iUniversidad de Granada, Instituto Universitario Carlos | de Fisica Teorica y Computacional, Granada, Spain
"National Observatory of Athens, Institute for Astronomy, Astrophysics, Space Applications and Remote
Sensing, Athens, Greece

b

ABSTRACT. The properties of interstellar dust grains are being scrutinized more than ever before,
with the advent of large facilities. Infrared emission from dust grains is a powerful
asset that can help constrain their physical and chemical properties. Among these,
the relative ratio of carbon-rich to silicate-rich grains remains one that has not yet
been investigated thoroughly due to the lack of dedicated instruments and modeling
limitations. We quantify the modeling degeneracies inherent to constraining the far-
infrared (far-IR) slope of the dust emission spectral energy distribution. Used as a
proxy for the silicate-to-carbon ratio, we find that recovering the far-IR slope is
affected by the estimate of the local radiation field and the input abundances of differ-
ent grain species. We show that PRIMA’s hyperspectral imaging will lead to better
constrained local radiation fields, which will aid—together with PRIMA’s polarization
capabilities—to better constrain the silicate-to-carbon ratio in M31, and how it spa-
tially varies within the galaxy.
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1 Introduction

Dust in the interstellar medium (ISM) of galaxies is a key component in regulating the energy
distribution in its local environment. Dust grains absorb ultraviolet (UV) and optical light from
young stellar populations, which increases their temperature, and re-emit that light in lower
energy wavelengths, in the infrared (IR), as they cool down. This leads to (i) a significant
decrease in the photons’ energy, making dust grains act as a coolant, and (ii) a nuisance when
it comes to estimating stellar-related quantities, such as stellar mass or star formation rate,' as a
major part of that light can be extinguished and reddened by dust grains.®” Dust grains also
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participate in several physicochemical processes in the ISM. They act as a catalyst for the for-
mation of H,,%° leading to the formation of molecular clouds necessary for star formation, and
the smallest grains account for most of the photoelectric effect heating the gas'® (and competing
with the cooling effect of the larger grains). For these reasons, understanding the life-cycle, for-
mation, and destruction of dust grains is critical so that we can not only correct for their effect on
other galactic properties but also better understand galactic evolution as a whole.

To do so, we often measure dust properties by comparing observations with models that are
meant to encompass physical properties of interstellar dust: size distribution, composition, abun-
dance, etc. This approach can be applied either to extinction measurements, the combined effects
of absorption and scattering as a function of wavelength, or emission measurements, from mid-
infrared (mid-IR) to submillimeter (sub-mm) wavelengths, on which we focus in this paper.
Emission models can be split between rather simplistic analytical models (e.g., modified black-
body, reproducing well the emission from large grains, in thermal equilibrium***?) and physi-
cally motivated, either observationally or laboratory-based models.’*® This last class is used
when the spectral coverage samples the emission spectral energy distribution (SED) also in
mid-IR wavelengths, in addition to the far-infrared (far-IR)-emitting blackbody regime.

A substantial amount of work in the past few decades has led to some solid knowledge of
interstellar dust. It is made up of grains showing a distribution of sizes, from a few nanometers to

1 um in size for the largest. It shows features associated with the presence of amorphous sil-
icate-rich material, with metallic nano-inclusions to account for depletions, as well as features
arising from vibrational bonds of aromatic-rich material, and a population of amorphous carbon-
rich grains. These grains are also likely not spherical but elongated or irregular in shape, as
suggested by the detection of polarized light, caused by preferential alignment of nonspherical
grains along the magnetic fields. These are the main properties we believe are useful to mention
for this paper that virtually all models agree on. However, the details of all these parameters may
differ from observation to observation. Spatially integrated and resolved studies of nearby gal-
axies have shown a wide range of variations between and within galaxies, proving that interstellar
dust is an evolving component.*’=2

Using physical models, our goal is to investigate the possibility of recovering a silicate-to-
carbon ratio for the larger grain populations. Being able to disentangle silicate and carbon dust
content would inform us on their relative spatial distribution, which could be linked to formation
and destruction processes. For example, a silicate-rich material is believed to form in O-rich
asymptotic giant branch (AGB) stars, whereas carbon-rich grains would be formed in C-rich
AGB stars.2>% There is also theoretical work that suggests that carbon dust and silicate dust
are not similarly sensitive to destruction processes in supernova environments,®=** although the
literature is not unanimous. Understanding the differential evolution of carbon-rich versus sil-
icate-rich dust grains would give us great insights into the grain life cycle in the ISM. This
approach is heavily motivated by the sometimes peculiar shape of far-IR to sub-mm SEDs
of some galaxies, which is sensitive to the silicate-to-carbon ratio. For example, the Small
Magellanic Cloud exhibits, in certain regions, a shallower slope in this regime compared with
other galaxies.* This may also be linked to the “sub-mm excess” observed in the residuals of
infrared modeling (when comparing data to models)."*=" Experimentally, varying far-IR
slopes have been observed in laboratory work®®2° and are likely due to different temperatures
and compositions of dust grains. This problem has been investigated before, namely, using modi-
fied blackbody modeling, where the dust opacity (extinction cross-section per unit mass) is in the
form k, E%b‘ﬁ. In that case, the far-IR slope is determined by the dust grain spectral index, . In

M31, in particular, Smith et al.*> provided resolved maps of the dust temperature, dust mass
surface density, and spectral index at 36" resolution, using far-IR data. Their work showed radial
trends of the B parameter, increasing from the center to a radius of 3 kpc and decreasing to the
outskirts. A similar trend was observed by Whitworth et al.** in the same galaxy with a different
modeling framework and by Tabatabaei et al.*? in M33. These galaxies and the Small and Large
Magellanic Clouds (SMC, LMC) were included in the work of Clark et al.,*® using “two far-IR
slopes” modified blackbody models (so-called broken-emissivity models). Radial trends become
less pronounced, especially in the lower-metallicity systems. Assuming that temperature varia-
tions (correlated with f3) should be limited to the diffuse ISM, we argue that the 3 variation could
be predominantly driven by a varying silicate-to-carbon ratio, and we investigate how to recover
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this parameter. In Chastenet et al.,* the silicate-to-carbon ratio of large grains is tentatively
inferred in the SMC and LMC using a physical model on the infrared Spitzer and Herschel
SED. They found that the abundance ratio can vary significantly among galaxies and showed
spatial variations, hinting at the impact of both the global environment, like metallicity, and the
local environment, like the radiation field. However, their ratio maps are subject to significant
uncertainties, especially in the SMC, due to spectral sampling and model degeneracies.

The issues faced by Chastenet et al. are partly related to the spectral coverage of available
data, which did not allow for simultaneously constraining the radiation field and dust abundance
parameters with good accuracy. From a modeling point of view, a model characterizing two grain
populations from properties that are observationally accessible is critical. This is achievable using
The Heterogeneous dust Evolution Model for Interstellar Solids'® (themis). This model consists
of a mixture of amorphous silicates and hydrocarbon grains, both with aromatic-rich mantles. In
this work, we use the diffuse ISM version of THemis incorporated in pustem.*>® In this frame-
work, THEmIs is described in practice with four grain populations: pyroxene- and olivine-rich
grains, both having the same size distribution parameters, large carbon grains, and small grains
tracking the aromatic content coating the big grains. The silicate properties are discussed by
Kohler et al.*” and the hydrocarbon properties by Jones et al.*®=>* The grain intrinsic properties
are heavily based on laboratory data. Other parameters such as size distributions and mantle
thickness are adjusted to best reproduce the Milky Way observations.’>'®5 A more recent
version of this model, THemis 2, presented by Ysard et al.,* revisits some critical aspects of the
silicate-rich material, investigating the associated infrared emission associated with optical prop-
erties of mixtures studied in laboratory setups, and includes polarization information.

From an observational point of view, using broad-band photometry up to Herschel/SPIRE
500 um is not sufficient to disentangle the far-IR emission of large silicate-rich and large carbon-
rich grains.** Sub-millimeter-to-millimeter data are needed to partially break down the degen-
eracy. Although Planck offered many (sub-)millimeter photometric bands, its spatial resolution
made this question moot even in the nearby universe. However, the SCUBA-2 instrument on the
James Clerk Maxwell Telescope (JCMT) and its two bands at 450 um ( 8% FWHM) and
850 pym ( 13" FWHM) are a good complement to Herschel data. The polarizing nature of dust
grains, seldom used in dust emission modeling,® can also bring useful constraints. The fraction
of polarized light depends on the grain sizes, shapes, and composition.>**® In most cases, infrared
dust emission modeling is limited by some degree of parameter degeneracies. Here, we focus on
those affecting the far-IR slope specifically.

This paper is thought around the promise of the PRIMA mission (Glenn et al., this issue).
Designed to be a cooled, 1.8 m, far-IR space probe, PRIMA will cover similar wavelengths as
Herschel in broad-band photometry filters but is meant to have better sensitivity, breaking the
confusion limit.>® On-board, two instruments, FIRESS and PRIMAger, will allow high-resolu-
tion spectroscopy and broad-band photometry. In particular, PRIMAger will combine spectros-
copy-like and polarimetry capabilities. The hyperspectral imager will allow R 10 spectral-like
sampling between 24 and 84 um, critical in this work. The far-IR polarimetric measurements of
PRIMAGger®” will open a whole new dimension of high-resolution, high-sensitivity dust polarized
emission observations in the local universe. It consists of four filters centered on 91, 125, 165,
and 232 pm with beam size ranging from 9 to 24". All of them will be capable of measuring total
and polarized intensities, a most promising feature for dust studies. Although PRIMA will not
sample the infrared regime longer than Herschel/SPIRE 500 pm, it will bring great complemen-
tary data that will yield a different kind of constraint than its predecessor. As mentioned in the
text, we rely on the new JCMT/SCUBA2 high-spatial resolution data to sample the sub-mm
wavelength.

This paper presents some of the limitations faced at this stage in dust emission modeling,
focused on the possible variations of the SED far-IR slope and the difficulties encountered in
recovering a silicate-to-carbon ratio. In Sec. 2, we present tests of modeling degeneracies using
synthetic data, and in particular, how these limit the estimation of a silicate-to-carbon ratio in a
typical dust emission modeling scenario. In Sec. 3, we focus on the two modes of the PRIMAger
instrument (Ciesla et al., this issue) and investigate how they can be used to mitigate the issues
presented before. Finally, in Sec. 4, we make an observational case for M31 as a target to use for
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an empirical test of our assumptions and suggestions. We laid down exposure times for PRIMA’s
instruments needed to yield conclusive results.

2 Modeling and Testing

To quantify the degeneracies associated with fitting simultaneously two large grain populations,
we rely on the addition of the 850 um band from SCUBA-2 in a mid- to far-IR SED. We use
synthetic SEDs using a known set of parameters, which we then fit using a larger set of emission
SEDs, from the same model, and investigate the recovery of radiation field and dust species ratio.
The SEDs are created by integrating infrared spectra in several photometric bands using their
transmission curves, mimicking observation from space telescopes: WISE 3.4, WISE 4.6, WISE
12, WISE 22, Herschel/PACS 70, PACS 100, PACS 160, SPIRE 250, and SPIRE 350, and finally
SCUBA-2 850, sampling the spectrum at 3.6, 4.6, 12, 22, 70, 100, 160, 250, 350, and 850 pm
(Here, the convention is to use the central wavelength following the instrument name, i.e., PACS
70 means the PACS filter that is centered on 70 um), respectively. The Herschel/SPIRE 500 band
is omitted because of its resolution, larger than that of SCUBA-2 850.

2.1 Parameter Definition and Mock SEDs
Using pusTemM, we parameterize THemis dust emission SEDs as follows:

= Upmin, the intensity of the radiation field heating the dust grains. U, scales the local-
neighborhood stellar spectrum defined by Mathis et al.,*® at 10 kpc;

-y, the fraction of dust heated by a power-law-integrated range of radiation fields defined as
Unin < U < Uay. This parameter is needed to consider the distribution of radiation fields
in which dust grains are embedded, the combined effects of multiple stellar sources at
different distances from the grains, as well as confusion along the line of sight and res-
olution effects. The minimum radiation field, U;,, and y are linked by the relation:

1 dMy a—1

= =24 1,81 — ypdU — UpinP Py ——
Mo dU 481 — yp38U — Upin prlm‘i#—U%zi

U=, 1)
where we fix o ¥ 2 and Uy, %% 107 in this study. The & term represents the Dirac function and
tracks the 81 — yp fraction of total dust mass, My, heated by a single radiation field U p,;

- Y., the abundance of silicate-rich grains, in which we combine both pyroxene- and
olivine-rich materials;

- Ycm, the abundance of large hydrocarbon grains;

- Y.cm, the abundance of small hydrocarbon grains; “small” and “large” grains’ size distri-
butions share the same upper bound and differ in the lower bounds (grains with 0.4
and 0.5 nm radius, respectively), and different distribution functions: exponential tail and
log-normal, respectively. Effectively, large grains become significantly more dominant past

100 nm in radius.

- Q, the stellar surface brightness that scales a 5000 K blackbody to account for stellar

emission in the shortest wavelengths (WISE 3.4 and WISE 4.6).

In the following, the silicate-to-carbon ratio is defined as R sjpsc ¥4 Y as””™Y 1cm- Bear in mind
that with this definition, unity is equivalent to the Milky Way ratio defined by THEmIS (et to be
IMESIMEA | pBMICMZOA, b ¥4 1-0.24 ¥4 4.1) and not equal mass between silicate-rich and
carbon-rich grains. Note that we use the “diffuse” version of THEMIS, i.e., calibrated to repro-
duce the diffuse dust emission at high Galactic latitudes, with no evolution between gas phases, at
this point. We choose not to include the small carbonaceous component in the discussion of the
far-IR slope and R,gj4c. Although Y-\ bears degenerate with other parameters, we focus on
those affecting the larger grain populations. Under the “diffuse ISM” model, it is reasonable to
assume the relative contribution of small grains will not affect the slope as much as larger grains,
as shown in Fig. 1 (see Galliano et al., in this issue, for a study focused on small grain abundance
measured with PRIMA).

Figure 1 shows a representative SED of THemis, with its default parameters, as set in busTEMm.
We highlight the emission spectrum of silicate grains (both pyroxene and olivine) in black and
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Fig. 1 Dust grain emission models from THeEMIs used in this paper, focused on silicate-rich, in black,
and carbon-rich, in dark-gray, large grain SEDs. The black and dark-gray solid lines show the
emission for the default THemis parametrization. We also show a spectrum for twice the abundance
of ICM, in a dot-dash line: a break becomes visible at 400 pm, changing the far-IR slope. A
change in dust composition is potentially trackable using this part of the emission spectrum.

that of the large carbon-rich grains in dark gray. The thick gray dash-dot line shows that the same
ICM emission spectrum increased by a factor of 2 and the associated total spectrum in a thinner
line. In this figure, we see that a potential break in the far-IR slope happens between the SPIRE
250 and SCUBA-2 850 bands. We therefore use the ratio of these two bands to investigate the far-
IR slope variations. Here, we investigate the possibility of using physical dust models to differ-
entiate between silicate and carbon grain emission at long wavelengths. To understand the results
on Ragipsc, We perform a few tests using synthetic data. Based on our parametrization of THemis,
we may expect Up,in and R,sysc t0 be correlated. This is effectively similar to the degeneracy
between temperature and spectral index investigated in previous work.?** It is a key point of this
paper, and an issue PRIMA could resolve.

2.2 Variation of the Far-IR Slope

Here, we focus a bit more on the problems linked to recovering the silicate-grain and carbona-
ceous-grain abundances with our current instrumentation and modeling techniques. The slope
variations are not conspicuous when looking at an emission spectrum, and picturing how all
parameters simultaneously affect different parts of the SED is not trivial. In the top part of
Fig. 2, we show the variations in the ratio of the SPIRE 250-to-SCUBA-2 850 bands, used
as a proxy of the far-IR slope, using tHemis. In the figure, we measure the SPIRE 250/
SCUBA-2 850 ratio for a range of U,i,, and ranges of amorphous silicate and large carbonaceous
grains abundances while the abundance of small grains, the y parameter, and the stellar surface
brightness are fixed. On the bottom axis, the R,g;4c Values are sometimes repeated but are asso-
ciated with different Y,g; values, shown on the top axis, divided into blocks by white verti-
cal lines.

This figure illustrates that the relative flux variation between 250 and 850 um depends on
more than just the relative abundance of large silicate and carbonaceous grains. For example, the
radiation field parameter also has a clear impact, particularly at high Y ,g; values. This is likely
because the impact of increasing Ui, varies with the grain material. The heat capacities of sil-
icate-rich or carbon-rich grains are different, and although, in both cases, a higher temperature
will shift the infrared emission peak to higher fluxes and shorter wavelengths, the response will
not be identical. This may be the reason we observe a change in the far-IR slope with U,;,. The
absolute abundance of grains also seems to matter. We show a better representation of this in
Fig. 2(b). For identical values of R,gy5c, marked in the top panels by dashed/solid/dotted gray
lines, the color gradient in a single column, i.e., as a function of U,;,, varies by 20% for differ-
ent Y,g; values.
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Fig. 2 (a) Variation of the SPIRE 250/SCUBA-2 850 ratio in THewmis. In this image, Y scm, ¥, and Q
are fixed. The variations are measured for a range of radiation fields U,,,, marked on the y-axis,
and several values of R 4g3.2c. Some values of the grain ratio are repeated, but are associated with
different values of Y 5g; (split by the vertical white lines), leading to different fluxes, and different flux
ratios. The gray lines mark the pixels used in the profiles in the bottom panels. (b) Profiles of the
SPIRE 250/SCUBA-2 850 ratio as a function of U ,,i,, for three different values of R zg3.4c. INn €ach
panel, each line is associated with a different Y ,g; despite sharing the same R,gysc. The pixels
used for these profiles are marked in the top image by gray lines.

From a modeling point of view, this means that recovering the far-IR slope is not only linked
to the dust content in the observed pixel. Conclusions drawn from Fig. 2 indicate that properly
inferring a silicate-to-carbon ratio implies a correct fit of other parameters as well, namely, those
related to the radiation field, U,,;, and, by extension, y. We explore how PRIMA helps to con-
strain better the radiation field in Sec. 3.1.

2.3 Results of the Synthetic Fit

For a more quantitative estimation of the uncertainty in recovering a silicate-to-carbon ratio with our
current framework, we perform a fit to synthetic data, using common infrared emission modeling.
We use the previously mentioned wavelengths from WISE and Herschel, at 3.6, 4.6, 12, 22, 70, 100,
160, 250, 350, and 850 pum. We first create a few SEDs with known parameters. We create M x N
SED:s for a range of M U, and N R,gj4c, for several values of Y 55, Y icm (the same way as was
done in the previous Sec. 2.2). The other parameters, Y cum, Y, and Q , are fixed to a single value. We
then create a large library of models to fit these M x N synthetic SEDs using dustbff.*>° Dustbff
measures the likelihood distribution of all the models in the grid for each mock SED provided. It
uses covariance matrices to propagate correlated noise between the observing bands, combining
instrumental uncertainties (see Clark et al.,%* for a useful summary) and background noise. For the
latter, we use images of M31 (see Sec. 4), to measure background noise that fills the diagonal ele-
ments of the matrix. We set the off-diagonal elements to O for consistency with further tests in the
next Sec. 3. The best-fit parameter values are measured in the full nD likelihood distribution. All six
parameters are left free in the fitting models. We make sure that the parameter values in the fitting
models do not exactly match those in the synthetic SEDs but are finely sampled, mimicking the
unknown truth of astronomical observations. Some of the values of R,gy4c are repeated several
times, but the associated values of Y,g; and Y cy are different, also leading to different fluxes.
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Fig. 3 “Recovery” ratios of R ,gy4c (@) and Ui, (b), after fitting synthetic SEDs with a large grid of
THEMIS emission models. In the left y-axis, the R,gac values are shown, with some of them
repeated, but associated with different Y ,g; values, reported on the opposite axis. We mark these
blocks of unique Y ,g; values by horizontal white lines.

In Fig. 3, we construct the image of the output/input of R,gysc and U, for all values of
Rasibac and Uy, reflected on the axes. Each panel is horizontally split into blocks marked by
thick white lines, each block sharing a unique Y .g; value, reflected on the right-hand-side vertical
axis. It appears more clearly that only a few combinations of (U, Rasiac) can be properly
recovered with this approach. Note that gray pixels are combinations that create fluxes higher
than the maximum fluxes seen in SPIRE 250 and SCUBA-2 850 bands in M31, the observational
target upon which we based this study.

In Fig. 3(a), we show the ratio of the best-fit value of R,gysc (“Out™) to the one in the
synthetic SED (“In”). In general, it appears that the fit tends to overestimate R,gy4c, as shown
by more orange pixels. We find that recovering R,sj4c does not depend only on R,gj4c itself,
but also on the associated values of Y g and Yoy (and to a lesser degree on U,,;,), as indicated
with the shifting colors as one moves up the left panel (i.e., higher values of Y ;). This is an
indication that the quality of the recovery also depends on the surface brightness, rather than only
on the slope itself (Rasiy4c), With this set of parameters. This is likely related to the nature of
physical dust models, which are often calibrated on high-latitude Milky Way measurements, and
therefore, mostly applicable in similar environments, i.e., a Milky Way-like diffuse ISM. For
each group of a unique Y g value, there is a clear distinction marked by the contrast of orange
and purple colors. This threshold changes with the associated Y ,g; value and appears to vary
slightly with U,;, as well. Despite the default value set by the model, that threshold in
Rasivac does not seem to be unity, as one might expect, which may indicate that there is a range
of (Rasiac, Yasii, Umin) that this parametrization can handle and recover. We also see that for
values of U, between 0.89 and 8.96, R,sy4c is globally recovered within  30%.

On the other hand, we do not see this contrast in the right panel, which shows the ratio of the
best-fit Ui, value to the input value. In this case, only pixels with the lowest value of Y ,g; show
a particularly poor recovery of the input U,,,. Some of that behavior is again likely due to the
nature of dust models, where U, is expected to be similar, in that case, to diffuse ISM con-
ditions. Typically, it is not entirely surprising to see a poor recovery of U, when it becomes
really low, outside of a plausible range of the conditions for which the model is calibrated.

The degeneracies presented in this section make the question of a potentially varying sil-
icate-to-carbon ratio difficult to investigate. This variation is a plausible assumption, based on
past work and the different metallicity, stellar population, etc. among the galaxy populations.
However, in the current state of dust emission modeling, it is virtually impossible to set up the
models without a significant amount of correlation between the model parameters, limiting the
conclusions to be drawn. In the next Sec. 3, we look at how the upcoming PRIMA instruments
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capabilities can help overcome this degeneracy issue by bringing more constraints in the two
critical regimes we just investigated: radiation field and grain abundances.

3 PRIMA: Helping to Solve Dust Modeling Degeneracies

The instruments planned for the future PRIMA spacecraft would be of great interest for this
particular problem. With greater sensitivity, complementary spectral coverage, and far-IR polar-
imetry, PRIMA will help us minimize the degeneracies inherent to infrared dust modeling. We
build upon the results from Sec. 2 to test how PRIMA’s instrument can help alleviate the degen-
eracies in dust modeling previously mentioned.

3.1 PRIMAger Hyperspectral Imager

The hyperspectral imager onboard PRIMA covering the 24 to 84 pm will fill a range of wave-
lengths for which we lack good spectral sampling. For example, the Spitzer/MIPS instrument had
only two bands at 24 and 70 ym, making it difficult to properly recover the emission in this
range. This part of the spectrum is particularly important for estimating the radiation field
through the y parameter (Fig. 4), often included in dust emission fitting.?®®? It is directly related
to the minimum radiation field, U,,,, discussed in the previous Sec. 2, and it controls for the
fraction of dust mass that is being heated with radiation fields U < U ,;,. The spectral information
provided by PRIMA in this range will bring about stronger constraints on the radiation field
using information that does not rely on the far-IR slope.

We perform a test to measure the effect of adding information in the 24 to 84 pm range. To
do so, we use the same set-up outlined in Sec. 2.3, adding constraints from PRIMA in the mid-IR.
Because of the current dustbff set-up (which does not easily allow consideration of a spectrum in
the fit) and to keep things straightforward, we do not consider a full 24 to 84 pm spectrum but
add four data points to our synthetic SEDs in that range. We create mock transmission curves
using up-to-date information on the hyperspectral imager centered on four wavelengths at 30,
38, 55, and 73 pm, shown in Fig. 4. For the background covariance matrix, we simply interpolate
the diagonal elements to the added bands. For the instrument errors, we use a conservative 5%
repeatability error and 10% correlated error between bands (similar to Herschel errors).

We find that adding four points improves the recovery of both y and U, (measured as
XowrXin)- We find that U, is better recovered by 40%, with a scatter decreased by

27%, and y by 35% with a scatter decreased by 30%. With this set-up, the mock S/N in the
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Fig. 4 Dust emission SEDs from tHEmIs, with a varying y. The black dashed spectrum shows the
emission for Ui, ¥4 1.0 and y % 0. The gray spectra are for the same U, value and increasing y
from 10~ to 1071, The purple area marks the region probed by PRIMA Hyperspectral imager,
which will be critical to help constrain y, and by extension U ,. The JWST MRS instrument covers

5 to 28 um, a synergy that can bring additional constrain to that critical regime. We overlay the
four transmission curves we created for the test, adding PRIMAger Hyperspectral instrument data
points.
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PHI1 band ranges from a few-o to SN  70. We find that the residuals in recovering the y
parameter decrease with increasing S/N, whereas U, seems fairly insensitive to the mock
S/IN. We can naturally expect that a full spectrum will yield results even more significant.
However, we also found that the R,gsc is more poorly recovered, even though the radiation
field parameters are better constrained. There can be a few reasons for this, at this stage. We
notice from Fig. 4 that y also affects the mid-IR shortwards of 20 ym, and that may propagate
uncertainties in the fit of the small carbon grains population, and eventually affect R g5c. We
also point out that the choices made to use dustbff in a consistent way between tests are bound to
affect the recovery of the parameters. Assuming no correlation between all bands possibly hin-
ders the variations in different parts of the spectrum; typically, the WISE mid-IR bands will be
correlated with each other without affecting, e.g., the SCUBA2 measurements. For consistency,
we used 0 s in off-diagonal elements, but the empirical truth will differ. Last but likely not the
least, by adding four points to the 24 to 84 ym range, we naturally forced the fit to better recover
the parameters that impact this part of the SED. As Y ; and Y e Will mostly affect the far-IR,
the fit tends to favor a model where these two parameters are not as well recovered. A better
handle on spectral input would require updating dustbff and/or using other fitting codes that
handle spectral input (e.g., Prospector®®), which is beyond the scope of this paper.

We also believe that a synergy with JWST mid-IR broadband photometry will provide better
constraints on the aromatic grain population, responsible for the mid-IR emission features.®*
Although we chose not to directly include the smallest grains in the discussion on the sili-
cate-to-carbon ratio, in THemis, they do slightly affect the far-IR emission, and the estimation
of Upin, Q , and the mass of grains emitting the mid-IR features are all degenerate. Using the
incredible power of JWST and PRIMA together, it will be possible to properly estimate the abun-
dance of small grains with little degeneracy with the radiation field.

3.2 PRIMAger Polarimetric Imager

The other main aspect for which PRIMA will be tremendously useful is bringing back a far-IR
polarimeter. In the past decades, a large amount of work has been done to better understand the
theoretical aspects of grain polarization in the ISM of galaxies. Although SOFIA contributed to this
progress, its sensitivity and resolution limited the applicability of new theories developed mostly
for the Milky Way and very local, bright systems. A broader sample of far-IR polarized emission is
now required to further test recent theoretical advances. The PRIMAger instrument will perfectly
sample the far-IR peak in both total and polarized intensity (Fig. 1). The polarized signal depends
on the sizes and shapes of aligned dust grains; the new data brought forth by PRIMAger are exactly
the ones we need to improve the constraints on individual grain population abundances. At this
time, we can expect two main scenarios to analyze the polarization data from PRIMA.

In the first case, the most simplifying assumption is that carbon grains do not align with the
magnetic field and therefore do not contribute to the measured polarized emission. This
assumption is somewhat supported by the (possible) lack of ferromagnetic material in purely
carbonaceous grains, fully made of carbon and hydrogen atoms. This approach was used by
Chastenet et al.,® who used SOFIA/HAWC+ polarized data to derive the dust mass in the
Crab supernova remnant. The power of this assumption is that it greatly simplifies several equa-
tions that lead to estimating the dust content traced by the infrared SED. However, it is debated in
the literature. For example, THemIs 2°2 assumes that both silicate and carbon-rich grains align with
the magnetic field. This comes from theoretical work by Hoang et al.,®® suggesting that amor-
phous carbonaceous grains large enough can contribute significantly to the polarization signal.
The exact contribution of each grain population is unknown and would require precise knowl-
edge of the material that makes up both types. Although very simplifying, this approach remains
promising: it can provide an upper limit on the silicate grain abundance, which can be used to fit
the total emission with better priors. Eventually, this would alleviate, at least in part, the degen-
eracy between silicate and carbon grain emission in the far-IR.

In the second case, a less stringent approach would be to consider that both carbonaceous
and silicate grains do polarize the incoming signal, as is intended in THEmIS 2. However, to dis-
entangle both species, one would consecutively solve a series of assumptions, eventually leading
to expressing a fraction of either species relative to the other. This would be done using several
systems of equations. For example, assuming two different temperatures and spectral indices for
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carbonaceous and silicate grains, in a modified blackbody emission in both cases, one would use
the PRIMAger polarimetry data to derive dust masses of each species. This (better) approach
remains speculative in its details: the literature has not yet reached a consensus on the exact
nature of the polarized emission sources, i.e., silicate and carbonaceous grains, and how much
each grain population contributes to it.>%56

In Fig. 5, we show different versions of model predictions from tHemis 2 for polarized emis-
sion. In panel (a), we show the polarized fraction from THeEmIS 2, as a function of wavelength. In
the default case, the solid line shows the fraction assuming both grain species align with the
magnetic field and polarize light. The dashed line shows the polarized fraction, removing all
polarized emission contribution from carbonaceous grains. The dotted and dash-dotted lines
show the same variations, but for twice the carbon grain abundance. With the sampling bands
from PRIMA’s polarimeter, an easy test can be done with future data: the shape of the “polari-
zation fraction spectrum” varies significantly depending on the case. We also add the bands
provided by the JCMT instrument SCUBA-2 that offers polarization measurements as well.

In panel (b), we build an image of the polarization fraction in the third PRIMAger band. We
independently vary the abundances of silicate and carbonaceous grains and measure the polari-
zation fraction at 165 pm, following the default settings of THemis 2, i.e., for the solid line in panel
(@). In this image, we see that measuring the polarized fraction helps constraining the grain abun-
dances quite significantly. We mark an uncertainty of Ap  1.2% (corresponding to a 3o error in
our proposed program, in Sec. 4) and show it strongly limits the range of possible abundances.
Although that range is well restricted using polarized information, note, however, that the abso-
lute values this constraint leads to are still dependent on the chosen polarized “model.” If we
applied a different approach, e.g., no polarization from carbonaceous grains, the Y x values would
be different. This shows that the combination of several PRIMAger bands will help constrain the
shape of the “polarized spectrum” and the abundance of grains, which eventually leads to strong
information about the silicate-to-carbon ratio.

The new instrumental setup designed for PRIMAwill bring incredible new results in infrared
emission modeling. These instruments will fill gaps in spectral regimes and complement existing
data by providing polarized emission measurements at high spatial resolution.

4 Silicate and Carbonaceous Grain Populations of M31

In this section, we design an observing program focused on M31. For the best outcome of this
study, a nearby target is required for better physical resolution, and galaxies in the local group are
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Fig. 5 (a) Polarization fraction as a function of wavelength in THemis 2. The solid line shows the
“default” polarization as set in the model, i.e., including polarization from both large carbon and
silicate grains; the dash line shows the wavelength-dependent polarization fraction considering
only silicate grains polarize light; the dotted line shows the polarization fraction when both silicate
and carbon grains contribute, with twice the emission coming from ICM grains; the dash-dotted line
also has twice the emission from ICM grains in total intensity, but they do not contribute to the
polarized emission. (b) Polarization fraction at 165 pym for the default settings of THemIis 2. We see
that measuring a polarization fraction leads to a much restricted range of possible values for Y ,g;
and Y cu-
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obvious candidates. The Magellanic Clouds, the closest to the Milky Way, could yield good
resolution as well, but they are dwarf, irregular galaxies significantly different from the
Milky Way, in terms of morphology and metallicity. This would add another layer of complexity
to interpret the results. Other studies in this issue are focused on the Magellanic Clouds (e.g.,
Galliano et al.). The other large galaxy, M33, stands a little further and is a little smaller, which
simply by argument of distance and size, seems less relevant. In addition, using M31 allows for a
more secure distinction between the interarm and the spiral arms environments, compared with
M33, where they are a little less clearly defined. M31 also has a higher metallicity, which would
lead to a better detection in the far-IR bands. Overall, besides being closer and larger, M31 has
also been more studied and has a greater wealth of ancillary data, and we believe it represents a
good case for a first solid application of this program; at the distance of 765 kpc of M31, the
PRIMAger resolution yields 37 to 90 pc in physical scale. M31 has been observed by Herschel
in its entirety,®” and with the JCMT,®® covering the far-IR spectrum and all bands we used in
Secs. 2 and 3. As mentioned earlier, the spatial properties of the  index, tracing the far-IR slope,
were studied in several works.***! In the optical, there is the stunning HST imagery of M31 from
the PHAT®® and PHAST® programs (with parsec-scale resolution). Stellar population variations
inferred from HST could be checked against R,s;.4c Spatial variations to link dust production and
processing with stellar environment.”>"? There is also high velocity-resolution H i mapping of the
northern half of M31,”® and CO mapping available as well,’* matching the PRIMAger broad-
bands FWHM (18", i.e., 70 pc, at the VLA resolution). These can help separate the ISM into
different phases and help inform on the model to be used (e.g., “dense” versus “diffuse” THEmIS)
to track R,gysc Variations. As a Milky Way-like galaxy in an external environment, with an
exceptional closeness that allows for highly resolved data, M31 is an ideal laboratory to probe
the variations of dust grain properties in extragalactic regions.

To build upon these works and focus on radial variations and other known properties of dust
in M31, we want to sample as many ISM environments as possible. To keep exposure time
reasonable, we select a  0.6°2 area, shown in Fig. 6, to be observed with PRIMA’s instruments,
with two main goals:

- new radiation field estimates. As seen in Sec. 3.1, the 24 to 84 ym measurements PRIMA
would not directly constrain the silicate-to-carbon ratio but will help estimate the radiation
field and y parameter. This in turn is expected to alleviate degeneracies in the far-IR. In our
program, we include the bulge of the galaxy, which is known to have a softer radiation
field.” This specific environment will be an excellent region to see the effect of a better
radiation field estimate between the older bulge and more diffuse ISM.

- radial variations of R,gy4c. As discussed in Sec. 3.2, the polarimeter will provide high
spatial resolution maps of polarized far-IR emission, directly bringing constraints on the
dust species abundances. The selected area covers radii from the center to the outskirts of

42°30'

Declination

~ Target field; ~ 0.6°2

ohagm 45™ 42m
Right Ascension
Fig. 6 Herschel/PACS 160 image of M31. The rectangle shows the 0.6°2 target region used in the
calculation. Region 1 is in the interarm and is the reference surface brightness we use for exposure
time calculations to yield the desired S/N. Region 2 is a diffuse “arm,” visible at 160 pm but not
clearly detected in other bands, and region 3 is a small bright region in a well-identified arm, for
which we provide indicative S/N yielded by our estimated integration times from region 1.

J. Astron. Telesc. Instrum. Syst. 031623-11 Jul-Sep 2025 = Vol. 11(3)



Chastenet et al.: Radial variation of the silicate-to-carbon ratio in M31 probed by:..

»

Table 1 Exposure time calculations for the polarimetry imager in total and polarized intensity,
assuming 2% polarization in the latter case.

Polarimetry imager, total intensity

Band Detection goal Exposure time, S Ngegq ¥4 50 S Nreg2 S Ngeg3
PPI1 12.1 MJy/sr 1.0 min 50 140
PPI2 13.5 MJy/sr 0.25 min 60 210
PPI3 10.5 MJy/sr 0.20 min 60 3lo
PPI4 6.1 MJy/sr 0.30 min 70 410

Polarimetry imager, polarized intensity

Band Detection goal Exposure time, S Ngeg3 ¥4 50 S Nreg1 S Nreg:2
PPI1 0.7 MJy/sr 5.3h 20 20
PPI2 1.1 MJy/sr 1.0h 1o 1o
PPI3 1.3 MJy/sr 0.44 h 1o 1o
PP14 1.0 MJy/sr 0.37 h 1o 1o

Hyperspectral imager

Band Detection goal Exposure time Target S/N
PH1 1.25 MJy/sr 3.7h 30
PH2 1.25 MJyl/sr 0.75 h 30

Note that for each, the region used for reference is not the same due to lower sensitivity in the polarimetry mode.
For the hyperspectral imager, we used MIPS 24 and PACS 70 maps to assess a reasonable surface brightness
to detect at a 30 level.

the galaxy. This will allow us to compare radial trends of the target R,gsc With previous
work, namely, that of the mentioned spectral index, .

In Table 1, we present exposure time calculations based on planned characteristics and sen-
sitivities of the PRIMAger instrument, for the highlighted rectangular region. To do so, we build
an average infrared SED from the fit provided by Chastenet et al.?® (2025, DOI: 10.26131/
IRSA581), in a few pixels in an interarm region, labeled region 1 shown in Fig. 6. From that
spectrum, we extract the surface brightness at the four central wavelengths of the polarimetry
imager bands, as well as reference values for the hyperspectral imager. For total intensity in the
polarimetry imager, we calculate the needed exposure time for a target 50 detection of the aver-
age surface brightness from region 1, to be measured over the 0.6°2 rectangular region. The same
region is used for the hyperspectral imager, but we aim for a 3o detection due to worse sensitivity.
The exposure times for the polarized emission are calculated with a conservative 2% polarization
fraction. Other work using SOFIA and focused on the spiral, face-on galaxy M51 found polari-
zation fraction between 0.6% and 9% in the far-IR.”® We believe p 2% for M31 is a reasonable
target. The final exposure times amount to 7 h for the polarimetric imager and 5 h for the
hyperspectral imager, aiming for high S/N in M31.

New PRIMA data will grow a set of data already colossal. The ancillary treasure at hand will
be complemented by a new kind of data that will greatly advance the empirical tests of dust
emission polarization.

5 Conclusion

In this paper, we investigate the modeling of the dust emission far-IR slope and how the future
PRIMA mission will help leverage some of the current limitations we face. This work aims to
measure the variation of the silicate-to-carbon ratio, as traced by the far-IR slope of dust
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emission. To do so, we use The Heterogeneous dust Evolution Model for Interstellar Solids*®
(THEMIS) and update (THEMIS 2).

Using physical dust models, we first delve into the parameter degeneracies when consid-
ering the ratio SPIRE 250/SCUBA-2 850 photometric bands. This is done by allowing two grain
populations to vary independently, namely, carbonaceous and silicate-rich grains. We find that
the band ratio naturally varies with the silicate-to-carbon grain abundance ratio, R,gjy4c, but also
with the minimum radiation field, U;,. We also find that the absolute abundances of grain spe-
cies (and not simply their relative abundance) matter significantly (Sec. 2.2, Fig. 2).

When fitting synthetic data with a common approach, we find that the recovery of known
parameters such as the silicate-to-carbon ratio or U, is good only for certain parameter ranges
(Sec. 2.3, Fig. 3). This is likely due to the nature of dust physical models, which are calibrated to
fit measurements of the Milky Way and therefore mostly adapted to reproduce similar conditions.
However, the main issue remains the degeneracies between the mentioned parameters.

We explore how the instruments on-board PRIMA will be able to help solve this issue,
namely, its PRIMAger. We find that the critical range covered by PRIMAger’s hyperspectral
imager, from 24 to 84 pm, will sample a regime that is particularly important to improve the
estimate of the radiation field parameter. We find a >30% increase in better recovering the
Upmin and y parameter after adding only four synthetic data points in the hyperspectral imager
range (Sec. 3.1). Similarly, we find that using the capabilities of the polarimetric imager can
strongly constrain the range of silicate and carbonaceous grain abundances by measuring the
far-IR polarization fraction (Sec. 3.2, Fig. 5). Combined with theoretical and laboratory-based
work, the observational constraints brought by PRIMA will be tremendously helpful in meas-
uring the variations of R,gjxc.

We design an observing proposal using PRIMA’s recent specifications. We choose M31 as
the ideal target for a first empirical application of our modeling tests. As the largest, closest, spiral
galaxy of the local group, with a plethora of ancillary data, and past work focused on far-IR slope
variations, M31 is the best candidate for our tests. We select a 0.6 region covering the bulge to
the outskirts of the galaxy to probe radial variations of the R,sy.5c and compute exposure times
for a high-S/N set of measurements, as a practical example of the incredible upcoming oppor-
tunities PRIMA will offer the interstellar dust astronomy community.
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