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ABSTRACT

We have measured the dust emissivity index B for 21 infrared-bright sources (including several gravitationally lensed galaxies)
at 1.5 < z < 4.2 using Atacama Large Millimetre/submillimetre Array 101-199 GHz data sampling the Rayleigh—Jeans side of
the spectral energy distribution. These data are largely insensitive to temperature variations and therefore should provide robust
measurements of B. We obtain a mean 8 of 2.2 with a standard deviation of 0.6 that is at the high end of the range of values that
had previously been measured in many galactic and extragalactic sources. We find no systematic variation in § versus redshift.
We also demonstrate with a subset of our sources that these higher 8 values have significant implications for modelling dust
emission and in particular for calculating dust masses or the wavelength at which dust becomes optically thick.

Key words: galaxies: high-redshift — galaxies: ISM —infrared: galaxies —submillimetre: galaxies.

1 INTRODUCTION

Extragalactic surveys with multiple far-infrared and submillimetre
single-dish telescopes, including the Herschel Space Observatory
(Pilbratt et al. 2010), the James Clerk Maxwell Telescope, and the
South Pole Telescope (SPT; Carlstrom et al. 2011), have detected
the far-infrared dust emission from a large population of infrared-
bright sources at high redshifts (z 2 2). A significant fraction of

* E-mail: george.bendo@manchester.ac.uk

sources with 500 um flux densities above 100 mJy are expected to be
gravitationally lensed galaxies (e.g. Negrello et al. 2017), although
others may potentially be galaxies that are simply intrinsically
bright or protoclusters (e.g. Miller et al. 2018; Oteo et al. 2018).
The gravitationally lensed systems are of particular interest, as
they magnify the light from objects at higher redshifts that would
otherwise be difficult to detect (e.g. Swinbank et al. 2010; Dye et al.
2015, 2022), as the lensed light can be used to derive the mass profiles
and dark matter content of the lensing galaxies (e.g. Treu 2010),
and as statistical information about the lenses can be used to place
constraints on cosmological parameters (Grillo, Lombardi & Bertin

© 2025 The Author(s).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

G20z aunf GO uo 1sanb Aq 1/8/€18/0951/Z/0¥S/9I0IME/SEIUL/WOO"dNO"dlWapede//:sdny Wolj papeojumoq


http://orcid.org/0000-0001-9250-713X
http://orcid.org/0000-0002-5268-2221
http://orcid.org/0000-0002-4205-9567
http://orcid.org/0000-0003-2027-8221
http://orcid.org/0000-0003-2868-2595
http://orcid.org/0000-0003-1354-6822
http://orcid.org/0000-0001-8083-5814
http://orcid.org/0000-0002-0517-7943
http://orcid.org/0000-0002-3532-6970
http://orcid.org/0000-0002-1499-6377
mailto:george.bendo@manchester.ac.uk
https://creativecommons.org/licenses/by/4.0/

2008; Eales 2015; Gonzélez-Nuevo et al. 2017, 2021; Bonavera et al.
2020, 2021; Cueli et al. 2021, 2024).

Unfortunately, these sources were unresolved in the beams of
these single dish telescopes, and the detections were primarily
limited to photometric measurements. Follow-up observations with
ground-based interferometers such as the Atacama Large Mil-
limetre/submillimetre Array (ALMA) and the NOrthern Extended
Millimetre Array (NOEMA) have been used to resolve the emission,
to identify sources affected by confusion effects, and to measure
spectral line emission that can be used to confirm the redshift
of these objects. While multiple interferometric observations have
been performed on individual or small sets of gravitational lens
candidates from single dish telescopes, the most notable surveys at
this time include the z-GAL project with NOEMA (Berta et al.
2023; Cox et al. 2023; Ismail et al. 2023), the ongoing ALMA
follow-up observations of dusty star-forming galaxies identified
by the SPT (Vieira et al. 2013; Weif3 et al. 2013; Spilker et al.
2016; Reuter et al. 2020), the ALMA Spectroscopic Survey of
the Brightest Submillimetre Galaxies in the SCUBA-2-COSMOS
Field (Liao et al. 2024), and the Bright Extragalactic ALMA
Redshift Survey (BEARS), the last of which is the focus of our
analysis.

BEARS performed spectral scan observations with ALMA of 85
fields containing gravitational lens candidates identified in the South
Galactic Pole field observed by the Herschel Astrophysical Terahertz
Large Area Survey (H-ATLAS; Eales et al. 2010). These ALMA
observations covered frequency ranges from 89.6 to 112.8 GHz
in ALMA Band 3 (with some exceptions') and from 139.0 to
162.2GHz in ALMA Band 4. The primary goal was to detect
and measure spectral line emission from redshifted CO and other
spectral lines to determine the spectroscopic redshifts to the objects
in these fields, and this analysis was published by Urquhart et al.
(2022). Additionally, Hagimoto et al. (2023) published additional
analyses of the spectral line emission, including the application of
photodissociation models, examinations of multiple scaling relations,
and calculations of gas-to-dust ratios, and Bendo et al. (2023) used
the continuum data to study the multiplicities in the observed fields
and the spectral energy distributions (SEDs) of the galaxies.

A total of 142 millimetre sources with redshifts ranging from
1.5 to 4.2 were detected in the BEARS fields. Most of the sources
with measured redshifts have infrared luminosities not including
magnification corrections of >10'3 L, which would be comparable
to what is seen in similar surveys of gravitational lens candidates
(e.g. Ismail et al. 2023). When magnification corrections are applied,
the infrared luminosities of the sources with measured redshifts
mostly lie in between 10'? and 10'3 Ly, which would make the
objects ultraluminous infrared galaxies. These sources tend to be
slightly brighter than the main-sequence galaxies at these redshifts
that have been selected in ultraviolet, optical, or near-infrared bands
(e.g. Schreiber et al. 2018; Bouwens et al. 2020), although the
luminosity ranges overlap. However, the magnification-corrected
infrared luminosities of our sample are comparable to those from
galaxies selected just by their submillimetre flux densities (e.g.
Dudzeviciite et al. 2021).

While this first set of observations of the BEARS fields was
critical for identifying the redshifts of many of the sources in the

IThe data for nine fields used in the analysis were acquired with the ALMA
7-m Array and covered frequency ranges of 86.6—115.7 GHz. The HerBS-49
field was observed over the same frequency range but with notable gaps at
97.0-98.6 and 108.9-112.2 GHz.
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fields, the full-width at half-maxima (FWHMs) of the beams in the
images were >2 arcsec. Most individual sources were not resolved
at this resolution, and in particular, it was not possible to resolve
any Einstein rings in these data, which would confirm that these
sources are gravitational lenses. Additionally, the observations did
not cover higher frequency lines, including higher order CO lines,
that could be used to extend the analysis of the gas within these
galaxies.

Bakx et al. (2024), in a project named A Novel high-z sub-
millimetre Galaxy Efficient Line Survey (ANGELS), performed
follow-up ALMA observations in ALMA Bands 3, 4, 5, 6, 7, and
8 (ranging from 98.4 to 419.6 GHz or 714 pm to 3.05mm) of a
subset of 16 BEARS fields that had superior angular resolutions (with
FWHM of 0.10-0.30 arcsec) compared to the original BEARS data.
The continuum measurements from ANGELS have provided ample
amounts of new data that have been quite useful in further defining
the SEDs, particularly the Rayleigh—Jeans slopes of the SEDs, of
the objects in the BEARS field. These data provide an excellent
opportunity to measure the dust emissivity index § in the power law
that describes dust emissivity as a function of frequency. Measuring
this quantity is critically important for calculating accurate dust
masses, but, in addition, its value is also related to the properties of
the dust grains, particularly the composition of the grains. Variations
in 8 would be indicative of variations in interstellar dust grain
properties.

Theoretical models of dust emission typically set g =2 (e.g,
Draine 2003), but the quantity has been poorly constrained obser-
vationally, mainly because submillimetre and millimetre data are
needed to constrain 8, and observing in these bands has been techni-
cally challenging because of the limited atmospheric transmissivity at
<3 mm. The mean § values measured for the Milky Way and other
nearby galaxies have ranged from 1.4 to 2.3 (Dupac et al. 2003;
Yang & Phillips 2007; Paradis et al. 2010; Juvela et al. 2011; Planck
Collaboration XXIII 2011; Boselli et al. 2012; Smith et al. 2012;
Galametz et al. 2014; Planck Collaboration XIV 2014; Tabatabaei
et al. 2014; Planck Collaboration XXII 2015; Lamperti et al. 2019),
although the analysis presented by Désert et al. (2008) suggested
that B could be as high as 4 in some locations in the Milky Way.
Observations of z > 1 galaxies have yielded § values with a similar
range (Beelen et al. 2006; Magnelli et al. 2012; da Cunha et al. 2021;
Cooper et al. 2022; Ismail et al. 2023; Tsukui et al. 2023; Witstok
et al. 2023; Algera et al. 2024; Liao et al. 2024; Tripodi et al. 2024;
Ward et al. 2024). Additionally, multiple analyses have found that
B varies with temperature within the Milky Way (e.g. Dupac et al.
2003; Désert et al. 2008; Paradis et al. 2010; Juvela et al. 2011;
Planck Collaboration XXIII 2011), among or within nearby galaxies
(e.g. Yang & Phillips 2007; Gordon et al. 2014; Tabatabaei et al.
2014; Lamperti et al. 2019; Whitworth et al. 2019), and among more
distant galaxies (e.g. da Cunha et al. 2021; Ismail et al. 2023; McKay
et al. 2023), although variations in 8 with redshift have not been seen
(Bendo et al. 2023; Ismail et al. 2023; Witstok et al. 2023; Liao et al.
2024; Tripodi et al. 2024; Ward et al. 2024).

One of the limitations with most of the above studies is that the
values of 8 have been derived using modified blackbodies or other
functions fit to the peak and Rayleigh—Jeans sides of the dust SEDs.
Degeneracies in these fits as well as oversimplifications of the dust
SED that do not properly account for warmer dust could lead to
false relations between g and temperature (e.g. Shetty et al. 2009a,
b; Juvela & Ysard 2012; Kelly et al. 2012; Juvela et al. 2013) or
otherwise inaccurate B values (e.g. Kirkpatrick et al. 2014; Hunt
et al. 2015; Bendo et al. 2023).
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Table 1. Observing information.

Maximum  Primary
Beam recoverable beam Pixel Typical rms Calibration

ALMA Frequencies uv coverage FWHM scale diameter scale Image size noise uncertainty”

Band (GHz) (m) (arcsec) (arcsec) (arcsec)  (arcsec) (pixels) (arcsec) (mJy/beam)

3 98.36-102.09 31-3058  0.52 x 0.32 49 0.05 1800 x 1800 90 x 90 0.05 5 per cent
110.37-114.10

4 132.44-136.16 14-3065 0.39 x 0.35 42 0.05 1500 x 1500 75 x 75 0.05 5 per cent
144.44-148.17

5 190.86-194.59 14-2613 0.31 x 0.26 3.0 0.04 1350 x 1350 54 x 54 0.05 5 per cent
202.86-206.59

6 222.94-226.67 13-3620  0.21 x 0.19 2.7 0.03 1500 x 1500 45 x 45 0.07 10 per cent
237.44-241.17

7 279.22-282.95 15-3628  0.19 x 0.15 22 0.02 1600 x 1600 32 x 32 0.09 10 per cent
291.22-294.95

8 403.91-407.64 14-2515 0.17 x 0.16 L5 0.02 1600 x 1600 32 x 32 0.18 20 per cent
415.92-419.64

“The calibration uncertainties come from the ALMA Technical Handbook (Cortes et al. 2024; https://almascience.eso.org/documents-and-tools/cyclel 1/alma-

technical-handbook).

With the ALMA Band 3-5 data (corresponding to 98.4-206.6 GHz
or 1.45-3.04 mm) from ANGELS, we can make measurements of the
slope of the Rayleigh—Jeans side of the dust SED that will primarily
depend on B and that will be largely insensitive of temperature
variations or redshift variations (over the range 0 < z <5, which
encompasses the measured redshifts of the BEARS sample from
Urquhart et al. 2022). These measurements will therefore avoid
the degeneracies with temperature that affect the 8 measurements
published in most other papers and therefore could potentially be
more robust. Additionally, we can use these data to search for
variations in B related to the wavelength where the SED peaks
(Apeak), which can be used as an empirical measurement related
to dust temperature, and variations in S related to redshift. Our
full analysis of the B for these galaxies is presented in this

paper.

2 DATA

2.1 Observations and data processing

The BEARS sample selection and observations are described by
Urquhart et al. (2022), and the ANGELS observations and data
reduction are described by Bakx et al. (2024). To summarize,
ANGELS selected a set of 16 objects from BEARS as a pilot study
for high angular resolution follow-up observations in six different
ALMA Bands. These observations were intended to demonstrate the
feasibility of using relatively short observations to make multiple
line and continuum measurements of a broad sample of objects
at z > 2. To improve the efficiency of the observations, ANGELS
mostly selected fields with objects with identified redshifts where
various spectral lines of interest (including multiple CO lines, [C1]
at 492 GHz, [O1] at 2060 GHz, [N 1] at 1461 GHz, and multiple
H,O lines) would fall within the same set of spectral tunings used
across ALMA Bands 3, 4, 5, 6, 7, and 8. Note that the targeted
objects were at different redshifts, so for each object, different
spectral lines may fall within the spectral tunings, but the expectation
was that some type of spectral line emission would be detected
for each object. Also note that redshifts had not been measured
for several objects in these fields, most notably HerBS-87, HerBS-
104B, and HerBS-170, when the proposal for these observations was
submitted.

MNRAS 540, 1560-1577 (2025)

The observations were executed in programme 2021.1.01628.S
(PI: T. Bakx) in ALMA Cycle 8 using the 12 m Array in extended
configurations that could achieve the requested angular resolutions,
which ranged from 0.10 to 0.40 arcsec (although the final beams may
differ from what was requested). Within each band, all targets as well
as a bandpass/flux calibrator (J2258—2758) and a phase calibrator
(J2359—-3133) were observed within a single Scheduling Block that
was performed using just one execution. Because this programme
was demonstrating the feasibility of snapshot-like observations for
spectral line and continuum measurements, the requested sensitivity
levels were set relatively high (which means that the rms noise in
the final images is also relatively high), and each of the science
targets themselves were observed for only 90-150 s (depending on
the specific target and waveband). The details of the observations in
each band are listed in Table 1.

The data were processed using the COMMON ASTRONOMY SOFT-
WARE APPLICATIONS (CASA) package version 6.2.1 (McMullin et al.
2007; CASA Team et al. 2022). First, the pipeline calibration was
restored using the scripts downloaded from the ALMA Science
Archive. Next, preliminary image cubes were created using TCLEAN
to identify spectral lines that were detectable at the 5o level in at
least one individual frequency slice of the image cubes. All channels
in the visibility data not covering detectable line emission were used
to create final continuum images.

The continuum images were created using TCLEAN using multiple
settings that were optimized for imaging and detecting faint con-
tinuum emission; although some of the targeted gravitational lens
candidates are detected at a high signal-to-noise level, other sources
are detected in the individual bands at just above the 5o level. Natural
weighting and the Hogbom deconvolver (Hogbom 1974) were used to
optimize for signal detection. Additionally, a uv taper of 0.05 arcsec
was applied to remove high spatial frequency noise from the data.
Images with primary beam corrections, which adjust for lowered
sensitivity towards the edges of the fields of view, were used for
photometry, while images without primary beam corrections were
used for display purposes. The pixel scales of the images were set so
that the FWHM of the beam is sampled by at least 5 pixels. The fields
of view of the images (including the primary beam diameters, which
related to the size of the regions where emission could effectively be
detected), the beam sizes, the pixel scales, the maximum recoverable
scales, the achieved rms noise levels, and the calibration uncertainties
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are listed in Table 1. Final Band 5 images of all of the detected sources
are shown in Fig. Al in Appendix A.

2.2 Photometry

Because the objects were frequently resolved and often had complex
structures including multiple lobes or Einstein rings, we simplified
the photometry by measuring flux densities within circular apertures
that included all of the associated emission from each source. An
exception was made for HerBS-21A, which is a gravitationally lensed
object that was resolved into a point-like image and an extended arc
separated by ~2.8 arcsec. In this specific situation, we used a circular
aperture for the point-like source, but for the arc, we used an ellipse
with an axial ratio of ~1.8/1 and a position angle of 65° from north
to east, which closely matched the dimensions of the structure. We
then added the flux densities from the two apertures together for our
final photometry measurement.

For objects with a central peaked source, the centres of the
measurement apertures correspond to the peak of the Band 6 emission
(or the Band 5 emission if the source is either near or outside the edge
of the imaged area in the Band 6 data). We chose Bands 5 and 6 for
position measurements because they lie closest to the midpoint of our
frequency measurements, and we gave preference to measurements
in Band 6 because it usually has a higher signal-to-noise ratio.
The diameters of the measurement apertures for these sources were
adjusted using a curve of growth analysis to ensure that we were
measuring all of the emission from the targets while minimizing the
amount of excess background noise included within the apertures.
For other sources, including Einstein rings and multilobed objects,
we first identified the best place to centre a measurement aperture by
shifting a small aperture (equivalent in size to source emission >5¢
above the background) within each Band 6 image around the source
until we found the location where the signal was maximized. We then
applied the same curve of growth analysis as used for the sources
with the centrally peaked emission to determine the best aperture
diameter for measuring the flux densities. Note that this method for
determining optimal measurement apertures is applied to each band
independently, but the resulting apertures are usually very close to
the same diameter in all bands.

For all sources in all images, background noise levels were de-
termined by calculating the standard deviations from measurements
of the total flux density within multiple randomly placed apertures
in the versions of the images without the primary beam correction.
These apertures had the same diameters as what we used to measure
the source emission. We then scaled these standard deviations by
the values of the primary beam at the location of each source.
This method should allow us to include correlated noise in our
uncertainties.

We made measurements of all sources previously identified by
Bendo et al. (2023) with the exception of five sources: HerBS-41B,
HerBS-42C, HerBS-106B, and both sources in the HerBS-159 field.
HerBS-41B is not detected in the new Band 3 and 4 data, it lies
too close to the edge of the field of view in the Band 5 data for a
reliable photometry measurement, and it is outside the field of view
in the Band 6-8 images. HerBS-42C is a unique case where the peak
emission is detected at above 5 times the rms noise levels in Bands
5-8 but where it seems to have extended emission on the basis that
measurements in ~0.8—1.2 arcsec diameter apertures yield a power
law consistent with the Bendo et al. (2023) flux densities, but this
extended emission is too low to measure at the >50 level, which is
why we excluded it from the analysis. HerBS-106B and both sources
in the HerBS-159 fields are simply never detected at above 5 times

B in galaxies at 1.5 < 7 < 4.2 1563

Table 2. Coordinates and redshifts for the ANGELS sample.
Coordinates (ICRS)

Object R.A. Dec. Redshift®
HerBS-21A 23:44:18.07° —30:39:37.6° 3.323¢
HerBS-21B 23:44:18.262 —30:39:34.83 3.323¢
HerBS-22A 00:26:25.002 —34:17:38.10 3.050
HerBS-22B 00:26:25.555 —34:17:23.29 -
HerBS-25 23:58:27.507 —32:32:44.96 2912
HerBS-36 23:56:23.087 —35:41:19.66 3.095
HerBS-41A 00:01:24.796 —35:42:11.07 4.098
HerBS-42A 00:00:7.459 —33:41:3.05 3.307
HerBS-42B 00:00:7.435 —33:40:55.88 3314
HerBS-81A 00:20:54.201 —31:27:57.35 3.160
HerBS-81B 00:20:54.737 —31:27:50.96 2.588
HerBS-86 23:53:24.568 —33:11:11.78 2.564
HerBS-87 00:25:33.676 —33:38:26.17 2.059
HerBS-93 23:47:50.437 —35:29:30.13 2.400
HerBS-104A 00:18:39.438 —35:41:48.19 -
HerBS-104B 00:18:38.847 —35:41:33.08 1.536
HerBS-106A 00:18:2.463 —31:35:5.16 2.369
HerBS-155A 00:03:30.643 —32:11:35.00 3.077
HerBS-155B 00:03:30.073 —32:11:39.36 -
HerBS-170 00:04:55.447 —33:08:12.90 4.182
HerBS-184 23:49:55.667 —33:08:34.37 2.507

“The redshifts are from Urquhart et al. (2022) or Bakx et al. (2024).

bSince this source consists of two images separated by ~2.8 arcsec, two
separate apertures were used to measure the flux densities of the separate
images, and then the flux densities were added together. The coordinates for
this source point to the approximate midpoint between the two images.
“One redshift was reported by Urquhart et al. (2022) for both sources in
the HerBS-21 field because the emission from both sources fell within one
beam in one of the image cubes used for the redshift identification. However,
spectral line emission (at very similar frequencies) has been measured from
both sources in images with beams small enough to separate the emission
from the sources, so we treat both sources as having the same redshift.

the rms noise levels of the images. We also checked all fields for
additional sources that were not identified by Bendo et al. (2023) but
that were detected at above the 5o level in two or more bands (thus
excluding any random noise spikes in any image), but we saw no
such sources.

Table 2 lists the coordinates of the sources, which were used as the
central apertures for the photometry measurements, and the redshifts
from either Urquhart et al. (2022) or Bakx et al. (2024). Table 3
lists the photometry measurements from this paper as well as the
additional Band 3 (101 GHz) and Band 4 (151 GHz) photometry
measurements from Bendo et al. (2023). The uncertainties in the flux
densities are based solely on the background noise measurements;
the calibration uncertainties are listed in Table 1. All upper limits
are equivalent to 5o. The SEDs for the sources as sorted by field are
shown in Fig. B1 in Appendix B.

3 EMISSIVITY INDICES DERIVED FROM
RATIOS OF FLUX DENSITIES

3.1 Methodology of deriving 8 from flux density ratios

Because the ALMA data sample the dust emission on the Rayleigh—
Jeans side of the dust SED, it may seem like simply fitting a power
law to the data would be sufficient for deriving 8. However, for dust
emission with temperatures in the range 15-40K and 8 in the range
1-3 (which, based on the results from Bendo et al. 2023, may be
broader than but similar to the emission that we expect from these

MNRAS 540, 1560-1577 (2025)
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Table 3. Photometry for the ANGELS sample.

Flux density (this paper; mJy)*

Flux density (Bendo et al. 2023; mJy)*

Object 106 GHz 140 GHz 199 GHz 232GHz 287 GHz 412 GHz 101 GHz 151 GHz

HerBS-21A <2.1 2.1+£03 8.6+0.5 15+2 2642 68 +4 b 3.01 £0.02
HerBS-21B <0.40 <0.63 1.72 £0.15 44£0.38 6.6 0.9 17.1£1.8 b 0.93 £0.02
HerBS-22A <1.4 26+£03 9.2+0.5 13.6£1.2 2943 80+3 0.66 £ 0.02 3.10£0.02
HerBS-22B <0.22 <0.28 0.93£0.18 <3.3 <0.20 0.35+£0.04
HerBS-25 <2.0 24+£03 10.3£0.5 172+£1.8 36 £2 89+3 0.91 £0.07 3.46 £0.03
HerBS-36 1.38 £0.13 3.52+£0.19 11.8£0.3 19.0£0.9 349+£13 76 £2 1.16 £0.02 4.81 £0.03
HerBS-41A 1.0£0.2 3.0+03 8.8+0.3 13.8£0.7 238+14 50+3 0.71 £0.02 3.79£0.03
HerBS-42A <0.93 1.20 £0.20 42£03 6.9+£0.6 149£1.1 42£2 b 1.84 £0.03
HerBS-42B <0.39 0.38 £ 0.07 1.6+£0.2 26+0.3 4.8+0.7 10.1£1.3 b 0.54 £0.02
HerBS-81A <1.0 <1.1 23+£03 32+£0.6 8.6+1.3 19+£3 0.20 £0.02 0.76 £0.03
HerBS-81B <0.67 0.41 £0.08 2.11£0.19 44+04 6.0£0.6 172£1.0 <0.20 0.68 £0.02
HerBS-86 <0.85 0.89 £0.16 39+£04 6.1£0.8 13.0£1.1 35+£2 0.26 £0.02 1.53 £0.02
HerBS-87 <0.82 <0.88 29+0.3 52+£0.6 11.1£1.2 33.1£15 <0.20 1.24 £0.02
HerBS-93 <1.1 <1.1 34+£03 6.1£0.8 109£13 32+£2 0.16 = 0.01 1.37 £0.02
HerBS-104A <0.71 <0.83 22+04 <6.7 <0.20 0.64 £0.03
HerBS-104B <0.83 <0.84 1.4+£02 2.5+£0.5 63£1.0 23+£2 <0.20 0.52£0.02
HerBS-106A <1.0 1.3£0.2 45+03 85+1.1 148£15 41+3 0.29 £0.02 1.45 £0.03
HerBS-155A <1.5 <1.5 5.6t£04 9.6 £0.8 183£1.7 502 0.29 £ 0.01 2.16 £0.04
HerBS-155B <0.32 <0.37 0.67£0.13 1.5+£0.2 3.0£0.5 52+£1.0 <0.20 0.54 £0.03
HerBS-170 <1.6 24+£04 74+£04 126 £1.4 24+£3 39+4 0.81 £0.02 3.50£0.03
HerBS-184 <1.1 1.00 £0.18 44+04 6.5+£0.7 150+ 1.1 45+2 0.46 £ 0.02 1.47 £0.02

“Non-detections are reported as 5o upper limits.

bIn the Bendo et al. (2023) data, the emission from these sources at 101 GHz was blended with emission from other sources, so we did not use the photometry

data in our analysis.
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Figure 1. Example figure illustrating the deviation of modified blackbodies
from pure power laws in the frequency range of our observations. The top
panel shows an example plot of a modified blackbody with a temperature of
30K and an emissivity index S8 of 2 (solid red line) and a power law that
varies as v21#) (dashed blue line). Both functions have been normalized to
1 at 100 GHz (3 mm). The vertical dotted grey lines show the frequencies
sampled by our Band 3 (106 GHz) data at z of 0, 2, and 4, while the vertical
dash-dot grey lines show the frequencies sampled by our Band 5 (199 GHz)
data at those same z. The bottom panel shows the ratio of the modified
blackbody to the power law.

objects), the modified blackbody curves may deviate significantly
from pure power laws in the frequency ranges that we are observing.
This is shown in Fig. 1, which plots a power law that scales as
v* (or v*2 where B is set to 2) and a modified blackbody with a
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temperature of 30 K and S of 2. Both functions have been normalized
to 1 at 100 GHz (3 mm). At z = 0, we could expect the slope between
the ALMA Band 3 and ALMA Band 5 data for a 15-40 K modified
blackbody to deviate <10 per cent from the expected slope from a
vA+2 power law. At z = 2, however, this deviation increases to ~15—
40 per cent, and at z = 4, this deviation is ~35-75 per cent. See da
Cunha et al. (2021) for an alternate version of this analysis.

Given this, it is necessary to use the complete modified blackbody
equation to compute the expected slopes of the ALMA data for
deriving . The higher frequency data from ALMA Bands 6-8
cover observed frequencies of 232—412 GHz (728-1293 um), which
at z =3 would correspond to rest frequencies of 928-1648 GHz
(182-323 um). Hence, these data are relatively close to the peak of
the dust SED, so the 8 derived from the slope of these data would
be sensitive to the effects of temperature variations. Additionally,
the calibration uncertainties in these bands are relatively high, which
would affect the uncertainties in 8 values derived from the data.
However, the slopes of the lower frequency ALMA data (Bands
3-5), which correspond to observed frequencies of 106-199 GHz
(1508-2830 pm) are much less dependent on temperature variations,
even at z = 3 where the rest frequencies correspond to 424-796 GHz
(377-708 um). The lower frequency data also have much lower
calibration uncertainties, although the signal-to-noise ratios of some
measurements are still relatively low.

The variations in several sets of ALMA flux density ratios (which
correspond to the slopes of the data) are shown in Fig. 2 for
various blackbodies with varying ranges of temperatures, 8, and
redshift. The temperature range was set to 15-40 K, which we noted
above is similar to the range of temperatures found by Bendo et al.
(2023), but this range was truncated to 2040 K for z > 4 to avoid
issues with dust temperatures falling below the cosmic microwave
background (CMB) temperature. The redshifts vary from 0 to 5,
which encompasses the range of values for the objects in our sample
with known redshifts. In the bottom panels, which correspond to the
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Figure 2. The ALMA band ratios for g values of 0, 1, 2, and 3. The plot on the left shows how the ratios vary with temperature. The shaded areas show how
the ratio changes between z = 0 and z = 5, and the solid lines show the ratios for z = 3, which is close to the mean z for the sample in this paper. The plot on
the right shows how the ratios vary with redshift. The shaded areas show how the ratios vary between temperatures of 15 and 40K (but this is truncated to a
range of 20 to 40K for z > 4, leading to discontinuities in the shaded regions). The solid line shows the ratios corresponding to temperatures of 32 K, which is
the midrange of the values derived for the BEARS sample by Bendo et al. (2023).
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Band 4/Band 3 or Band 5/Band 4 flux density ratios, the ranges of
the ratios corresponding to 8 of 0, 1, 2, and 3 do not overlap in
spite of the broad variations in temperature and redshift. In the upper
panels, which correspond to flux density ratios involving the higher
frequency bands, the ranges begin to overlap. Even when the redshift
of a source is known (as shown by the lines corresponding to z = 3
in the left set of panels), a given ratio based on high frequency bands
may correspond to either a modified blackbody with a large 8 and
low temperature or a low 8 and high temperature, whereas the ratios
based on the lower frequency data hardy vary with temperature and
are more strongly dependent on S.

We therefore derived § using the flux density ratios between two
pairs of ALMA bands: the Band 4/Band 3 ratio and the Band 5/Band
4 ratio. We have one set of Band 3 and 4 measurements from the
data in the paper and another set from Bendo et al. (2023). We could
have potentially chosen one set of Band 3 data and one set of Band
4 data for calculating the flux density ratios, but this would mean
that an outlying measurement in one of the data sets would give an
inaccurate result when calculating 8. Instead, we decided to calculate
separate 8 values for all possible combinations involving any Band
3 and Band 4 data where the flux densities were measured at above
the So level, thus giving us potentially four separate 8 values based
on the Band 4/Band 3 ratios and two separate 8 values based on the
Band 5/Band 4 ratios. We could then use the weighted mean of all of
the B derived from the different Band 4/Band 3 ratios to get one value
that we label as B4/3rai0 and use the weighted mean of both of the 8
from the two Band 5/Band 4 ratios to get one value that we label as
Bs aratio- After this, we could calculate the weighted mean of B4/3asio
and Bs 4raio, Which we have labelled Bmean raio- This general approach
is effectively similar to fitting a power law to the data and converting
that to a 8 value. However, reporting the 8 from the separate ratios
as well as their weighted mean allows us to check the consistency of
the measurements and look for bends in the SED that may indicative
of emission from sources other than dust.

To calculate B8 from these ratios, we created a series of modified
blackbodies from 15-40 K (but with the range truncated to 20—40 K
for modified blackbodies calculated at z > 4) and with $ ranging
from O to 5. For objects with known redshifts, we generated these
modified blackbodies at the redshift of that object. For objects
with unknown redshifts, we generated these modified blackbodies
for z ranging from O to 5. All modified blackbodies incorporated
adjustments for the effects of the CMB as described by da Cunha
etal. (2013). Next, we calculated the Band 4/Band 3 and Band 5/Band
4 flux density ratios for each modified blackbody and determined
the mean, minimum, and maximum values of each ratio for all
blackbodies with a given B. This gave us B as functions of the
Band 4/Band 3 and Band 5/Band 4 flux density ratios that we could
use to derive the B4/3riio and Bsaraio Values.

The uncertainties in the B4/3r0 and Bsjaraio values have two
sources. One source is from random noise related to both the
calibration and measurement uncertainties. This was calculated using
a Monte Carlo approach where, in each iteration, random noise is
added to all Band 3, 4, and 5 data, the ratios and weighted mean 8
values are derived for each iteration, and then the standard deviation
in the weighted mean § values among the iterations is used as the
uncertainties. (This approach accounts for correlated noise among
the sets of ratios.) Typically, this gave uncertainties of 0.2-0.3 for
Baszratio» 0.3-0.5 for Bs 4o When the redshift is known, and 0.8—
0.9 for Bs/araioc When the redshift is unknown. The other source of
uncertainties is based on range in B4/3ratio and Bs4raiio values that may
correspond to any given Band 4/Band 3 and Band 5/Band 4 ratios,
which is related to the underlying assumptions used regarding the
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Table 4. B values derived from the Band 4/Band 3 and Band 5/Band 4 ratios.

ObjeCt ﬂ4/3ratio /35/4ratio ,Smcan ralioﬂ
HerBS-21A - 25+04 25+04
HerBS-21B - 09 +0.5 09 +0.5
HerBS-22A 22402 24+04 23+0.1
HerBS-22B - 20£09 20+09
HerBS-25 1.5+0.3 2.6+04 20+0.2
HerBS-36 1.8+0.2 20£0.3 1.9+0.1
HerBS-41A 25402 1.7£0.3 23+0.1
HerBS-42A - 1.8+ 04 1.8+£04
HerBS-42B - 2.6 £0.6 2.6 £0.6
HerBS-81A 1.6 £0.3 26£0.6 1.9+0.3
HerBS-81B - 2.8+0.5 2.8+0.5
HerBS-86 2.6+0.3 22+0.5 25402
HerBS-87 - 1.5+0.5 1.5+0.5
HerBS-93 3.6+0.3 1.8 £0.5 32402
HerBS-104A - 3.0£0.8 3.0+0.8
HerBS-104B - 20£0.6 20+0.6
HerBS-106A 24403 24+04 24402
HerBS-155A 33402 21+£04 3.0+0.1
HerBS-155B - b b

HerBS-170 20+0.2 1.5+0.3 1.9+0.1
HerBS-184 1.1£0.2 2.6+0.5 14+£02

“Brmean ratio 15 the weighted mean of By4/3raio and Bs;araio- When the ALMA
Band 3 emission was not detected at the >S50 level, no B4/3rai0 value is
reported, and Bmean ratio 1S set to s /4ratio-

bThe slope of these data was consistent with g < O for the range of
temperatures and redshifts used in this analysis.

potential range of temperatures that could apply to the dust seen in
these bands. These uncertainties are typically ~0.1 for B4/3ai0 and
0.1-0.3 for ﬂ5/4mtio-

3.2 Results from deriving 8 from flux density ratios

The :34/3rati()s /35/4ralio, and ,Bmean ratio values along with the final
uncertainties are listed in Table 4. Histograms of these three different
B values are shown in Fig. 3. The derived values range from 0.9 to
3.0. The mean ﬁ4/3rati0’ /35/4rati0, and ,Bmean ratio values are all 2.2.
The standard deviation in the B4/3ai0 Values is 0.7, which is slightly
higher than the standard deviation of 0.5 for the Bs/4raio values. The
Brnean ratio Values have a standard deviation of 0.6.

The very high B4/3raio and Bsjaraio values may be unreliable.
HerBS-93 and HerBS-155A both have Bganas/Banas Values greater
than 3 but Bpands/Banas Values of ~2. This may indicate that the
SED becomes steeper at lower frequencies or that the Band 3
measurements are problematic (and Bendo et al. (2023) also indicated
that the steep slope between Bands 3 and 4 for HerBS-93 was
suspect), although we have not identified any specific problems with
the Band 3 photometry for these objects. As for HerBS-104A, the
high B54raii0 is based on two data points, one of which has a relatively
low signal-to-noise ratio, and the uncertainties in the derived Bs4atio
value reflects that.

The low Bs4ratio of 0.9 & 0.5 for HerBS-21B appears to be more
trustworthy. Values of 8 less than 1 are physically implausible for
optically thin dust emission, as the values violate the Kramers—
Kronig relation (Li 2004; Galliano 2022), but such low values
could be consistent with emission from sources other than dust.
However, the uncertainty in the Bssio value is sufficiently large
that it is possible that the emission is consistent with 8 > 1 and that
the emission originates from optically thin dust that has a rather
unusually low B compared to at least the other galaxies in this
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Figure 3. Histogram of the 8 values derived from the ALMA Band 4/Band
3 ratios (top panel) and from the ALMA Band 5/Band 4 ratios (middle panel)
as well as the weighted mean of those values (bottom panel). BBand4/Band3
values were not derived for objects that were not detected at the >5¢ level, in
which case Bmean ratio 1S Set t0 BBands/Bana4- The values for HerBS-104A fall
outside the maximum range of 8 values plotted here. All of these B values
are derived in Section 3 and are listed in Table 4.

sample. Also note that the Band 5/Band 4 ratio for HerBS-155B
was not consistent with 8 > 0, implying that the Band 4 emission
may originate from sources other than dust, but the relatively high
uncertainty in the Band 5 data means that this result may be
unreliable.

When we were able to calculate B4/3raio values, some of the
differences between these values and the Bsjio values seemed
attributable to noise. For four sources (HerBS-22A, HerBS-36,
HerBS-86, and HerBS-106A), the B43ratio and Bs araio values differed
by less than 1o, while for two more sources (HerBS-81A and HerBS-
170), the differences were less than 20. HerBS-93 is the only case
where the difference between B4 /3rai0 and Bs4raiio 1S >30, although it
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and HerBS-155A (where the § values differ by ~2.70) were already
discussed above. As for the other three sources (HerBS-25, HerBS-
41A, and HerBS-184), the difference between B4/3raio and Bs,aratio 15
not significant enough to draw any firm conclusions about either the
quality of the data and B values or any possible physical processes
that could cause the values to differ.

If Bijsraio Was significantly lower than Bs/4rgo, this could be
consistent with the presence of emission from sources other than
dust. This could be the case for HerBS-25, HerBS-81A, and HerBS-
184. Synchrotron emission would be the most likely emission source
in the lower frequency bands. This is discussed more in Section 4.
However, it is more difficult to explain the physical phenomena that
could cause B4/3rio to be significantly higher than Bs/4rai0. Aside
from potential issues with the measurements, this would not be
explainable by other sources of emission; it could only be explained
by changes in the dust emissivity at lower frequencies.

4 DISCUSSION

To summarize, the emissivity index that we derived from the weighed
mean of the ALMA Band 5/Band 4 and Band 4/Band 3 flux density
ratios (Bmean ratio) has a mean of 2.2 and a standard deviation of 0.6.
This is higher than but still statistically consistent with the g of
~2.0 originally derived by Bendo et al. (2023) from the ALMA
Band 4/Band 3 ratios for a different but overlapping subset of
the BEARS sample. The additional data and improved frequency
coverage provided by ANGELS and our improved techniques for
deriving B should make our new results more reliable.

Our Buean ratio Values are slightly higher than but consistent with
the value of 2 typically used in dust models. Additionally, the mean
of our Bean ratio Values is at the high end of but consistent with the
mean B values measured in the Milky Way, in nearby galaxies, and
in galaxies at redshifts similar to those for our sample (as listed by
the references in Section 1). However, most of the 8 values from
these other studies should be treated very cautiously, mainly because
most of these f values are derived using fits to both the peak and
Rayleigh—Jeans side of the SED where both the temperature and 8
are treated as free parameters.

First of all, as also stated in Section 1, such SED fits are prone to
inherent degeneracies between these two quantities, and noise in the
data can create apparent relations between the quantities. Second,
integrating the emission from dust with different temperatures along
the line of sight, including integrating the emission across and
through the disc of a galaxy, could lead to the peaks of dust SEDs
appearing overly broad, which could give the appearance that the
bulk of the dust within galaxies is hotter than it actually is, that
B is lower than it actually is, and also that S could vary among
galaxies. Moreover, if a set of galaxies with widely varying redshifts
are observed at the same (observed-frame) wavelengths, and if
data covering the peak of the dust emission are fit with modified
blackbodies where both the temperatures and 8 are treated as free
parameters, more emission from warmer dust will be blended with
emission from colder dust for the higher redshift galaxies in the data
set. This will not only make B appear lower than it actually is but
also create a false correlation between 8 and redshift, as explained by
Bendo et al. (2023). Some studies have used tests with simple model
SEDs to try to illustrate that their SED fits should be robust against
the B-temperature degeneracies caused by noise, but it is unclear if
such testing can also account for the line-of-sight integration issues,
especially if the models, which often assume that the dust can be
described by just one thermal component or one thermal component
added to a power law, are unrealistic descriptions of the range of dust
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temperatures in the targets. Our methods for measuring 8 should be
much more robust, mainly because our methods depend entirely on
measurements from the Rayleigh—Jeans side of the dust SED.

The slope of the dust SED in our ALMA Band 3-5 data, which
would correspond to rest wavelengths of ~500-1000 pm for a source
at z = 2 and ~270-550 um for a source at z = 4.5, could be altered
by the inclusion of very strong free—free emission, very strong
synchrotron emission, very large masses of dust at temperatures
of <10K, or other forms of exotic and poorly quantified sources
of submillimetre emission such as spinning dust (e.g. Draine &
Lazarian 1998). If such emission is present in our target sources,
this would imply that our g values are only lower limits and that
the dust emissivity function is actually much steeper than expected.
However, all of the sources in our sample were covered by both
the Very Large Array Sky Survey (Gordon et al. 2021), which
has a completeness limit of 3 mJy, or the Rapid Australian Square
Kilometre Array Pathfinder Continuum Survey (Duchesne et al.
2024), which is 95 per cent complete for sources brighter than 2 mlJy,
and no radio sources were detected in either survey within ~7 arcsec
of any source in our sample.

While most standard models use theoretical dust grain models
where S is fixed to ~2 (e.g. Draine 2003), laboratory experiments on
astrophysical dust analogues have revealed that the dust emissivity
functions are often more complicated than simple power laws (e.g.
Boudet et al. 2005; Coupeaud et al. 2011; Demyk et al. 2017a,
b). This could arise in part because the grains are not spherical or
otherwise smooth but actually amorphous, although the chemical
composition of the grains also plays a role. Some of these laboratory
measurements have also shown that temperature may affect dust
emissivity, with the spectral slope sometimes being anticorrelated
with temperature.

If the values of § are indeed greater than 2 in at least some
objects at z > 1, this has multiple ramifications for the analysis of
the dust in these objects. The greatest impact would be on calculating
dust masses, which are highly dependent on the emissivity function.
Since most standard dust models set 8 to ~2 to calculate emissivity
functions, these functions cannot be used to calculate dust masses if
the actual 8 differs from this value. Multiple authors circumvent this
issue by rescaling the emissivity function using a new power law,
but that requires fixing the amplitude of the emissivity function at a
specific wavelength (e.g. Beelen et al. 2006; Yang & Phillips 2007;
Désert et al. 2008; Magnelli et al. 2012; Smith et al. 2012; Planck
Collaboration XXII 2015; Lamperti et al. 2019; da Cunha et al.
2021; Tsukui et al. 2023; Liao et al. 2024; Ward et al. 2024). The
emissivity at that selected wavelength is often taken from a model that
uses B = 2, such as Draine (2003), which seems inconsistent, contra-
dictory, and potentially unreliable (Bianchi 2013). Additionally, the
wavelength at which the emissivity function is fixed to the function
from one of these models is often arbitrarily selected or poorly
justified. These choices ultimately bias the dust masses calculated.
Unfortunately, it is not straightforward to determine exactly how the
dust masses would be affected if B is variable or greater than 2,
mainly because of the issues with trying to determine exactly how
to rescale the emissivity function. What is really needed to calculate
dust masses accurately are measurements of the amplitude of the
dust emissivity in the infrared and submillimetre that are model-
independent, such as the measurements from James et al. (2002), but
even then, such emissivity measurements would need to be validated
across multiple galaxies and multiple environments.

Another potentially complex implication of § varying among
galaxies is that it could affect the derivation of dust temperatures and
the application of dust emission models. This compounds the issues
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with the dust mass calculations, which are temperature dependent, but
additionally, it also complicates the overall description of how energy
is absorbed and re-radiated by dust, as dust grains with differing
B values will potentially reach different equilibrium temperatures.
If these variations in § in the infrared are related to variations in
absorption in the ultraviolet and optical, then this would also indicate
variations in dust extinction in other galaxies and therefore affect
the derivations of the general properties of those galaxies’ stellar
populations.

4.1 Variations in 8 with redshift

Variations in dust emissivity as a function of redshift could be
indicative of changes in dust properties over time. However, even
though B potentially varies among galaxies, most observational
results show no trend in B versus redshift (Bendo et al. 2023;
Witstok et al. 2023; Liao et al. 2024; Tripodi et al. 2024; Ward et al.
2024), and while Ismail et al. (2023) reported that 8 may decrease
with redshift, they indicated that their relation was statistically
insignificant. Unfortunately, a major limitation with many of these
prior studies (except the work by Bendo et al. 2023) is that they
mostly depend on g values derived from SED fits to both the peak
and Rayleigh—Jeans side of the dust emission, and, as we discussed
earlier, such SED fits are potentially subject to degeneracies between
B and temperature and with issues related to mixing emission from
dust at different temperatures. Consequently, the SED for the higher
redshift objects could appear broader, and the derived g from SED
fitting could be lower, thus creating the appearance of 8 evolving
with redshift.

To bypass these problems, we can use the Buean raioc Values from
Section 3 to examine the relation between B and redshift. These data
are plotted in Fig. 4. For comparison, we also included the 8 values
and redshifts measured by Ismail et al. (2023), Witstok et al. (2023),
and Liao et al. (2024) for other samples of galaxies.” Although these
B values are derived using SED fits and are affected by degeneracies
between the derived B and temperature values, they still allow us to
place our measurements into the context of what has already been
published. The B values from our sample do not appear to vary
with redshift. The weighted Pearson correlation coefficient is —0.13,
which is low enough to indicate that less than 25 percent of the
variance in 8 is related to redshift.

The range of our 8 values seem similar to the values from Witstok
et al. (2023) and Liao et al. (2024), both of which also indicated that
they found no relation between S and redshift. However, as noted
above, the Ismail et al. (2023) B values exhibit a weak relation with
redshift; the corresponding weighted Pearson correlation coefficient
is —0.57, indicating that ~30 percent of the variation in 8 is
related to redshift. Ismail et al. (2023) fitted both their Herschel
and NOEMA data with a single optically thin modified blackbody to
derive §, which could have produced a bias in the 8 values for the
reasons discussed by Bendo et al. (2023) that we discussed earlier
in Section 4. Ideally, the 8 values for the objects in the Ismail et al.
(2023), Witstok et al. (2023), and Liao et al. (2024) samples should
be recalculated using the same method, and that method should not
depend on SED fitting if possible, as the original values may include
biases or offsets related to the derivation technique that was applied.

2 Although Tripodi et al. (2024) and Ward et al. (2024) also present relations
between redshift and B, the Tripodi et al. (2024) sample largely overlaps with
the Witstok et al. (2023) sample, and the Ward et al. (2024) sample largely
overlaps with ours.
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Figure 4. The relation between 8 (as measured from ALMA flux density ratios) and redshift for four different samples of data. The red circles represent
measurements for the sample in this paper, the grey diamonds represent data from Ismail et al. (2023), the green triangles represent data from Witstok et al.
(2023), and the blue stars represent data from Liao et al. (2024). A representative error bar for the 8 values are shown in the bottom right corner of the plot; the
uncertainties in redshift are negligible. Only objects with spectroscopic redshifts were used in this plot. The Bmean ratio Values were used for our sample. The g
values from Ismail et al. (2023) and Liao et al. (2024) are all based on SED fits using an optically thin modified blackbody, while the values from Witstok et al.

(2023) correspond to dust that becomes optically thick at shorter wavelengths.

(This is why we have not fit a single relation to all of the data in Fig.
4 or attempted to calculate any statistics for that relation.) However,
deriving the § values for the other samples is beyond the scope of
our paper.

Our ultimate conclusion is that we do not observe any notable
evolution in B with redshift, at least among gravitational lenses
and other infrared-bright galaxies at z between 1.5 and 4.2, and
this is largely consistent with what has been found in other studies,
including ones that extend their observations to redshifts of ~7.5.
This in turn implies that the dust grain properties have not evolved
over this time period or if the dust grain properties do evolve, it does
not affect their emissivity.

4.2 SED fitting using Biean ratio

4.2.1 SED fitting methodology

As discussed in Section 1, variations in B can also affect the
temperatures derived from SED fitting, and this will also affect the
derived masses. We explored this in more detail by comparing SED
fits using PBmean ratio versus SED fits where 8 is treated as a free
parameter the fits (which we will label Bg..). We will work solely
with data from the seven fields in our sample that contain only
one ALMA source with a spectroscopic redshift. The ALMA Band
3-8 data for these sources can be combined with the Herschel 250—
500 pm data from Valiante et al. (2016) to create well-sampled SEDs
spanning both sides of the peak in the dust emission, which will be
very useful for constraining the functions fit to the data.

In a general situation, dust emission can be related to dust
temperature and mass by the equation

_ (I+z)uA
= o7

In this equation, u represents the magnification factor, A represents
the area of the emitting source, D is the luminosity distance to the
source, k, is the emissivity as a function of v, Mgy is the dust mass,
and B, (Tyu) is the blackbody function for a temperature 7. This
generalized equation may be applied to dust that becomes optically
thick at infrared wavelengths.

fo (1 — e Mas/AY( B (Tyus) — By(Tems))- e

The emissivity may be written as

A -B
Ky = Ko (%) B (2)

where the function is fixed to a constant value k( at a specific
wavelength 1. As discussed earlier, people generally adopt a «y and
Mo from a model where § = 2 even though the derived 8 may differ
from 2, which would mean that the «, from that model is unreliable.
For this exercise, we will set « to 6.37 cm? g~! at 200 wm as specified
by Draine (2003), but we will also discuss the implications of fixing
this to a value at a shorter or longer wavelength.

For optically thin dust where the exponential term is very small,
equation (1) can be simplified as

_ (] +Z)MK0Mdusl

fi -

A\ P
(7) (Bu(Tdusl) - BU(TCMB))' (3)
0

For the optically thick case, we can define the wavelength Ak as
where the dust becomes optically thick. This gives A as

o \?
A= Ko Mdust- (4)
Athick

Substituting this into equation (1) gives

B
fo = (1 + 2)prco Must ( Ao ) (1— e()whick/l)’s)
D? Adthick

X (By(Taust) — Bu(Tems))- 5

We performed four fits using equations (3) and (5). Note that using
a single modified blackbody to represent the dust emission is an
oversimplification, as each object may contain dust at a range of
temperatures. However, such SED fits are commonly applied to SEDs
to attempt to characterize the dust, as can be seen in the references
in Section 1; our goal is to understand how decisions in SED fitting,
particularly regarding 8, affect the results.

In the first fit, we fixed B tO Bmean raic and then sought to fit the
data at observed wavelengths >1500 pm (which are equivalent to the
ALMA Band 3-5 data and which were selected because those data
were used to derive Bmean ratio) With optically thin modified blackbody
with the highest Ty, that were consistent with the peaks of the SEDs.
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These modified blackbodies were not allowed to exceed the data at
rest wavelengths <300 pm (which covered the peak of the SED and
included the Herschel data points, the ALMA Band 8 data point,
and, for the higher redshift sources, the ALMA Band 7 data point)
by more than 1o. We did this by iterating through a series of Ty
values starting with 15K and increasing by 1K in each iteration.
We rescaled each of these modified blackbodies using the ALMA
Band 3-5 data and compared the flux densities from the extrapolated
modified blackbody to the observed flux densities to ensure that the
model did not exceed the observed data by 1¢.% The reported Ty, and
M us¢ correspond to not only the warmest possible dust component
with an emissivity index of Buean raio but also to a lower limit on
the dust mass present in these objects if the dust is optically thin.
Note that the dust masses could potentially be much higher if the
Rayleigh—Jeans side of the dust SED originates from dust with a
range of temperatures, including temperatures colder than what we
derive using this single optically thin modified blackbody.

The other three SED fits are performed to all of the available
Herschel and ALMA data in a more standard way. In the second fit,
we fit all of the data with a single optically thin modified blackbody
where 8 is a free parameter, which is a common practice in many
studies of dust in other galaxies. For the third fit, we used the optically
thick modified blackbody equation, treated Au;ck as a free parameter
(except for two objects), and fixed B t0 Bmean ratio- In the fourth
fit, we we used the optically thick modified blackbody equation,
treated S as a free parameter, and also treated Apick as free parameter
(except for two objects). With HerBS-87 and HerBS-184, where we
encountered other fitting issues discussed below, Apicx Was effectively
unconstrained in the SED fits, so we fixed the value to 220 pm, which
is the approximate average of the value from the other five objects
using either a fixed or variable .

4.2.2 SED fitting results

The SED fits are shown in Fig. 5. In the situations where we fixed
B t0 Bean ratio» W€ show shaded regions in Fig. 5 consistent with
the uncertainties in Bmean ratio» and We incorporate the uncertainty in
Brmean ratio 1Nt0 the uncertainties in the other quantities. The derived
Tausts B, log(Myyg), and Ay (for the optically thick modified
blackbodies) are listed in Tables 5 and 6. For the three sources that
Bakx et al. (2024) identified as gravitationally lensed, we corrected
the Mgy values by their reported magnification terms p. For the
other four sources where no evidence of lensing was found, we set
to 1 for our calculations, which in effect meant that no magnification
correction was applied to the M, values.

Just based on the assessment of the plots in Fig. 5, the SED fits
generally describe the Rayleigh—Jeans side of the SED accurately.
The optically thin modified blackbody with Bean ratio 11lustrates that
it is possible to describe most of the emission on the Rayleigh—Jeans
side of the SED peak with colder dust emission, in which case the
emission on the Wien side would originate from warmer but lower
masses of dust (which are not included in the SED fits because they
would be poorly constrained). Blending the emission from these
components together could make the SED appear more consistent

3 Alternately, it may have been possible to use a standard non-linear least
squares fitter to fit the SEDs with optically thin modified blackbodies while
setting all data points except for the Band 3—5 data to upper limits. However,
it is not clear whether the algorithm would have converged on the highest
temperature possible (i.e. whether it would have fit a curve through the upper
limits or significantly below them).

MNRAS 540, 1560-1577 (2025)

with optically thin dust with a lower 8. However, the modified
blackbodies using Bmean ratio did not quite accurately describe the
slopes of the SEDs for HerBS-87 and HerBS-184, which we will
discuss below. Also, in general, the two different variant of the
optically thick modified blackbody generally yielded very similar
curves with very similar parameters.

The problems with some of the modified blackbody fits to
the HerBS-87 arise because the Bean raio Value of 1.5 0.5 was
determined using just two data points (one each from ALMA Band
4 and 5) and has a high uncertainty. However, based on the upper
limits from the other ALMA Band 3 and 4 data,* the actual 8 may be
closer to 2. The SED fits with a variable g to the HerBS-87 data yield
values closer to 2 that are more consistent with the upper limits. Also,
that the lower limits for the shaded regions for the fits with Bnean ratio
(which correspond to B = 2) are also more consistent with the upper
limits.

With HerBS-184 specifically, the SED fits illustrate how the
observed frame 101 GHz (rest frame 847 um) data point may be
flattening near a rest wavelength of ~1000 um, which would be
more consistent with free—free or synchrotron emission instead of
dust emission. That flattening causes minor problems with fitting
the data with just a single modified blackbody and causes some
inconsistencies in the SED fits, particularly the optically thick
modified blackbody using Buean raio- Given this issue, we list in
Tables 5 and 6 alternate parameters from SED fits to the HerBS-
184 data where we excluded the Band 3 data point and, for the
modified blackbodies where f is fixed, use the Bpands/Band4 Value.

With the optically thin scenarios, allowing B to vary when fitting
optically thin modified blackbodies generally yields Bgee values that
are generally lower than Biean raio- For HerBS-87, the By value is
actually higher than Bpean ratio» Dut we noted the large uncertainties
in Bmean ratio above. For HerBS-184, only the fits excluding the Band
3 data yield a Bpee value lower than Byean raio- The higher Bean ratio
values generally correspond to temperatures that are 3—15 K lower.
The lower temperatures also lead to dust masses that are 1.35x to
~8x higher, as would be expected from equation (3). However, these
higher dust masses would not include the warmer dust emitting at
shorter wavelengths. This also depends on what is used for k. We
fixed «, at 200 um to the value given by Draine (2003), but if we
instead fix the scale of «, at 100 pm using the value from that paper,
the differences in dust masses increase by up to 50 per cent, while if
we fix the scale of «, at 850 um, the differences in dust masses are
generally <2x, and the largest difference in masses is ~3x.

The SED fits using an optically thick modified blackbody generally
yielded similar temperatures and Ap;cx results regardless or whether
B was fixed t0 Bumean ratio OF allowed to vary. The only notable cases
where Bgee Was statistically lower than Bupean raio Were HerBS-86,
HerBS-87 (where Bean raic has high uncertainties), and HerBS-
93. Even so, this did not affect the derived temperatures signifi-
cantly, although it did result in the derived Amicx shifting to shorter
wavelengths. The derived masses are also also generally the same
regardless of whether § is allowed to vary; the largest changes were
seen for HerBS-93, where the mass corresponding to B was ~1.6x
lower, and HerBS-184 including the Band 3 data, where the mass
was ~2.2x higher. In most cases, changing the wavelength at which
the scale of «, is fixed does not change the results. The exception

4Using the upper limits as constraints in the SED fits where 8 was fixed to
Brmean ratio actually caused more severe problems with fitting the other data
in the SED, so we chose to show the SED fits without including the upper
limits.
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Figure 5. Four different SED fits to the Herschel and ALMA data for fields containing single ALMA sources. The solid blue line represents the optically
thin modified blackbodies where B fixed to Bmean ratio and where the best-fitting function is consistent with the warmest possible dust emitting at >1500 pm;
see Section 4.2 for details. The green dotted line shows an optically thin modified blackbody where 8 is treated as a free parameter. The magenta dashed line
shows an optically thick modified blackbody where B fixed to Smean ratio» and the orange dash dot line shows an optically thick modified blackbody where 8 was
allowed to vary in the fit. The blue and magenta shaded regions show the range of possible best fitting functions based on the uncertainties in Bmean ratio- Unless
error bars are shown, the uncertainties in the data points are smaller than the size of the symbols in the plot. The 5o upper limits are shown as empty symbols

with downwards-pointing arrows.

is HerBS-93, where scaling «, at 100 pm using the Draine (2003)
value leads to a ~2.3 x difference between the masses derived using
Brmean ratio OF Prrees While scaling «, at 850 um leads to a difference
in dust masses of ~5x. Note that the Ay derived here, which
range from 190 to 300 pum, are generally higher than the commonly
cited value of 100 um taken from the work on protoplanetary discs
by Draine (2006), which may not be applicable to high redshift
objects, and are also higher than some of the other values derived for
high redshift galaxies (e.g. Spilker et al. 2016; Simpson et al. 2017,
da Cunha et al. 2021; Liao et al. 2024), although our results are
consistent with other results for high redshift sources (e.g. Riechers
et al. 2021).

The comparison between the optically thin and optically thick
cases shows that the dust temperatures increase by ~2x or more
in the optically thick cases. This results in the dust masses also
changing. When Bpean ratio» the optically thin modified blackbodies
yield dust masses that are >2x higher than the optically thick
counterparts, but when g is allowed to vary, the difference in dust
masses is smaller, ranging from 1.4x to 2.4x.

Overall, this exercise shows that, in the optically thin case, treating
B as a free parameter may lead to underestimates of dust masses,
but in the optically thick case, the changes are less notable if Amick
is treated as a free parameter. However, these models are overly
simplistic treatments of the SEDs of these objects. Unless the dust is
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Table 5. Results from fitting optically thin modified blackbodies.

SED fit using Bmean ratio

SED fit allowing B to vary

ObjeCt I'La Tdust ﬂmean ratio log(Mdust) ﬂfree log(Mdusl)
HerBS-25 92418 29+2 20+0.2 9.28 +0.29 31+2 1.9+0.1 9.18 £ 0.27
HerBS-36 41+0.8 28+ 2 1.9+0.1 9.71 £ 0.14 36+ 1 1.6 £0.1 9.39 £0.11
HerBS-86 1.0 20+ 5 25402 10.42 £ 0.33 28+£2 22+0.1 10.01 £0.11
HerBS-87 87+1.7 38 £ fé7 1.5+£05 8.53 £0.49 28+ 1 2.1+0.1 9.03 £0.25
HerBS-93 1.0 14+2 32+£0.2 11.09 £ 0.24 24 +£2 25402 10.20 £ 0.19
HerBS-170 1.0° 27+6 1.9+0.1 10.12 £ 0.27 4242 1.5+£0.1 9.64 £ 0.07
HerBS-184 1.0 41+4 14+0.2 942 +0.14 3443 1.7+0.1 9.73 £0.12
HerBS-184 (without Band 3) 1.0 22 +£8 26+£05 10.39 £ 0.59 30+ 1 2.1+£0.1 9.91 £ 0.07
“These magnification factors are from Bakx et al. (2024).
bWhen no evidence of magnification by gravitational lensing was found by Bakx et al. (2024), we set the value to 1 for our calculations.
Table 6. Results from fitting optically thin modified blackbodies.

SED fit using Bmean ratio SED fit allowing B to vary
Object e Taust Bmean ratio Athick log(Maust) Taust Biree Athick log(Maust)
HerBS-25 92+18 4944 20+£0.2 200 £ 30 8.95+0.26 51+3 2.1+£02 220 +20 9.0 £0.26
HerBS-36¢ 41+08 59+3 1.9+0.1 240 £ 20 9.26 £ 0.1 58+2 1.8 £0.1 230 £20 9.25+0.1
HerBS-86 1.0° 50+6 25+02 230 £+ 30 9.77 £0.1 47+6 22402 200+£40  9.69 +0.08
HerBS-87 8717 724 fgg 1.5+0.5 8.27 £ 0.45 51+3 22+0.1 220¢ 8.69 +£0.24
HerBS-93 1.0 52+ 10 32402 300 £ 40 10.02 £0.13 48+£9 2.7+03 240 £50 9.82£0.17
HerBS-170 1.0 68 +5 1.9+0.1 200 £ 30 9.49 + 0.04 67+5 1.8 +£0.1 190 +30 9.47£0.04
HerBS-184 1.0° 79 + fig 14402 9.14 £ 0.16 59+6 1.9+0.1 220¢ 9.48 £0.11
HerBS-184 (without Band 3) 1.0 57T+7 2.6 £0.5 260 £ 60 9.75 £ 0.17 53+3 22+0.1 220£20  9.63 £0.04

“These magnification factors are from Bakx et al. (2024).

bWhen the magnification was not determined by Bakx et al. (2024), we set the value to 1 for our calculations.
“Because Aick Was poorly constrained when treated as a free parameter for these two objects, we fixed the value to 220 pm, which is the approximate average

from the SED fits to the other objects.

extremely optically thick and originates from very compact regions
(asis the case for Arp 220; see Rangwala et al. 2011 and Scoville et al.
2017), then we would expect to see dust with a range of temperatures
as well as dust in environments with different opacities. This could
include large masses of optically thin dust with lower temperatures
than what is shown in the SED fitting here. Additionally, one of
the reasons why optically thick dust emission is used to model
the emission from infrared-bright high redshift is because, when
optically thin dust models are applied, the implied dust masses are
too high compared to the sizes of the emitting regions. This more
detailed analysis of the SEDs is beyond the scope of this paper but
can potentially be investigated in future works.

5 CONCLUSIONS

We have derived dust emissivity index B values for a set of 21
infrared-bright sources (including gravitationally lensed galaxies)
at 1.5 < z < 4.2 using the ratios of the ALMA Band 4/Band 3
flux densities (giving B4/3raio) and Band 5/Band 4 flux densities
(giving Bs;araio)- The weighted average of these yielded values for
each galaxy we labelled as Bean ratio- The mean PBrean raio value
is 2.2, and the standard deviation is 0.6. This technique is largely
insensitive to dust temperature variations and therefore avoids issues
with degeneracies between f and temperature that affect SED fitting.

These Pmean ratio Values are slightly larger than but statistically
consistent with the value of ~2 typically used within theoretical
models. However, our 8 values are at the high end of the range of 1.4—
2.3 found within the Milky Way, in nearby galaxies, and in galaxies at
z > 1. Most of these other studies have primarily relied on modified
blackbody fits to both the peak and Rayleigh—Jeans side of the SED
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in which both temperature and 8 are free parameters, so the derived
B values could be affected either by degeneracies with temperature in
the SED fitting process or issues with emission from dust at different
temperatures being blended near the peak of the SED. Additional
measurements of B that are based on just the Rayleigh—Jeans slope
of the SED should be applied to other galactic and extragalactic
objects to determine whether § may actually be greater than 2. If this
is the case or if B is found to vary in a systematic way among galaxies,
it would have major implications for SED modelling, including
dust mass and dust temperature calculations. We also found no
systematic variations in our derived Bmean ratio Values with redshift;
this is largely consistent with what has already been found in other
studies.

For seven fields in our paper that contained single sources, we
fit four different modified blackbodies to the data. In comparing
SED fits using single optically thin modified blackbodies where B
was fixed to Bmean raio O B Was treated as a free parameter, the
fits with the varying B generally yielded B that were lower than
Brnean ratio» temperatures that were higher, and dust masses that were
lower. In the same comparison but with fitting single optically thick
modified blackbodies, the temperatures and masses did not change
significantly in most cases, although the wavelength at which the
dust became optically thick (Apnick) Was longer when 8 was fixed
t0 Bmean ratio- 1NOte that the same results were not obtained for one
source where PBmean raio Was poorly constrained (which led to high
uncertainties in dust temperatures) and one source where the Band
3 data may have included emission from sources other than dust
(which affected the derived Bumean ratio)- This SED analysis relied on
relatively simplistic models of the dust emission; additional analyses
with more realistic dust models as well as constraints based on the
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angular area of the emission would be needed to more accurately
characterize the dust.

The best way to expand on the results from this analysis would
be to apply the same techniques for deriving 8 to a broader sample
of galaxies. This may require performing additional observations of
the Rayleigh—Jeans side of the SEDs for larger samples of objects,
including both nearby and high redshift objects. Our current plans
are to expand the analysis to the whole of the BEARS sample using
new ALMA observations. However, it may also be appropriate to
revisit data that have already been published that derived S by fitting
modified blackbodies through the peak and the Rayleigh—Jeans side
of the SEDs. These results could potentially change when when
fitting just the Rayleigh—Jeans side of the SEDs or when using the
slopes of the Rayleigh—Jeans side of the SED to derive .
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Figure A1l. ALMA Band 5 (199 GHz) continuum images of the sources detected in the sample. All images are 5 x 5 arcsec except for HerBS-21A, where the
image size was increased to 6 x 6 arcsec to fit both images more easily within the panel. All images use linear colour scales. The measurement apertures used
for the Band 5 data are shown as dotted cyan circles or ellipses; note that apertures of different sizes may have been used for the other bands. The FWHM of
the beams are shown as solid green ellipses in the bottom left corner of each panel.
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Figure A1 - continued.
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Figure B1. SEDs of the objects in the sample sorted by field based on the ALMA data from this paper, the ALMA data from Bendo et al. (2023), and the
Herschel data from H-ATLAS (as reported by Valiante et al. 2016). When a field contains one ALMA source, we assume the Herschel emission is associated
with that source. When more than one ALMA source was detected, we use separate symbols for each source and then also use black circles for the Herschel
data (and for the 101 GHz 7 m data for the HerBS-42 field) to indicate that the emission could originate from multiple sources. The 5o upper limits are shown

as empty symbols with downward arrows.
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