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SUMMARY: It was confirmed that there is a strong linear correlation between the thermal far-
infrared (FIR) and non-thermal radio emission of the star-forming galaxies. Recent works based on this
correlation over large redshifts have shown that the correlation is evolving towards higher redshifts.
In this paper, possible physical causes that lead to the evolution of this correlation are explored. One
possible cause is that the interaction between galaxies is responsible for this behavior. We used the
morphology of galaxies, as an indicator of past or present interactions, because it is generally known
that the irregular morphology of galaxies is a consequence of collisions or close approaches. To test
this hypothesis, a sample of dusty star-forming galaxies up to a redshift z = 3.5 from the COSMOS
field has been selected. The sample has been divided, according to the morphological type, into two
subsamples (disk and irregular galaxies), and the evolution of the correlation with redshift has been
analyzed separately for both of them. It was found that in both subsamples there is no indication for the
redshift evolution of the FIR-radio correlation. However, it was also found that the mean correlation
parameter, qFIR, is lower in irregular galaxies, which may indicate that they can still affect the evolution
of the correlation if their abundance in the sample increases towards higher redshifts. Disk galaxies,
which statistically dominate the sample, may be responsible for the lack of this evolution. On the other
hand, a fundamental problem with optically determined morphology is the dust obscuration in massive
galaxies at z > 2. To test the idea that interacting galaxies are responsible for redshift evolution of the
FIR-radio correlation, it is, necessary to analyze a much larger sample for which the morphology has
been determined, taking into account the VLA and ALMA imaging in addition to optical images, and
which contains a higher fraction of irregular galaxies. Finally, it was also found that the qFIR parameter
and its evolution are very sensitive to the radio spectral index above z > 1 and that its misinterpretation
and taking a constant value of α = 0.7 may be responsible for the observed evolution of the correlation.
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1. INTRODUCTION

Observations have shown that there is a robust
linear relationship between the radio and the far-

© 2021 The Author(s). Published by Astronomical Ob-
servatory of Belgrade and Faculty of Mathematics, University
of Belgrade. This open access article is distributed under CC
BY-NC-ND 4.0 International licence.

infrared emission in the star-forming galaxies (van
der Kruit 1971, Helou et al. 1985, Condon et al. 1991,
Yun et al. 2001, Bell 2003, Sargent et al. 2010, Del-
haize et al. 2017, Gürkan et al. 2018, Molnár et al.
2018, Algera et al. 2020, Delvecchio et al. 2021),
named the Far-infrared radio correlation (FIRC). The
origin of this correlation probably stems from the for-
mation and death of massive stars. Through UV radi-
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ation, young massive stars are the only heating source
for interstellar dust, which then emits the thermal
infrared emission. Several million years after these
massive stars exploded as supernovae, their remnants
become the source of cosmic rays, which then emit
the non-thermal radiation through the acceleration
of relativistic electrons in shock waves (Condon et al.
1991).

Due to its stability, FIRC has found many appli-
cations in astrophysics. It is used as a tool for iden-
tification of radio-loud active galactic nuclei (AGNs)
(Donley et al. 2005, Norris et al. 2006, Park et al.
2008, Del Moro et al. 2013), and for distance esti-
mations of high redshift galaxies (Condon 1992, Bell
2003, Murphy et al. 2012). One of the most impor-
tant applications of the FIRC is in the use of radio
luminosity as a tracer of the Star Formation Rate
(SFR) (Condon 1992, Bell 2003, Murphy et al. 2012).
The FIRC is defined via the ratio parameter 1:

qFIR = log
(

FFIR

3.75×1012Wm−2

)
− log

(
S1.4

Wm−2Hz−1

)
(1)

where S1.4 and FFIR are the rest frame radio emis-
sion flux density at 1.4 GHz and the rest-frame far-
infrared emission flux density from 42µm to 122µm,
respectively (Helou et al. 1985). Observations of star-
forming galaxies in the local universe have shown that
the value of this parameter is qFIR,0 = 2.34 ± 0.01
(Yun et al. 2001). However, recent observations of
12000 star-forming galaxies up to the redshift z < 6,
in the COSMOS field, have revealed that this param-
eter evolves, specifically, that it decreases with red-
shift as qFIR(z) = (2.52± 0.03)(1 + z)−0.21±0.01 (Del-
haize et al. 2017). Several physical processes have
been proposed to explain the evolution of FIRC with
redshift. The most important one is a possible con-
tamination by the presence of AGNs (Magnelli et al.
2010, Sajina et al. 2008) as we still do not have solid
criteria for their exclusion from higher redshifts or
a considerable contribution of thermal radio emis-
sion (Delhaize et al. 2017). Another possibility is
the contamination by major mergers at high redshifts
(Pavlović et al. 2019), which will further be investi-
gated in this work. It is known so far that the galactic
merger rate increases up to redshifts z ≈ 2−3 (Mort-
lock et al. 2013, Mundy et al. 2017, Ventou et al.
2017). Some of the previous works have shown that
the major mergers between galaxies can lead to en-
hanced non-thermal radio emission: through an addi-
tional synchrotron emission from gas bridges in taffy-
like systems (Murphy 2013), through amplification
of magnetic fields (Kotarba et al. 2010), or through
acceleration of cosmic rays in tidal shocks that de-
velop in the interstellar medium of interacting galax-
ies (Donevski and Prodanović 2015, Prodanović et al.
2013). In our previous work (Pavlović et al. 2019), we
presented theoretical models of the FIR-radio corre-
lation shape depending on the share of the so-called
peculiar (irregular and interacting) galaxies, and of

interacting galaxies separately (as shown in Fig. 1
and 2 in this paper). It is important to mention that
we took the fraction of peculiar galaxies and the func-
tion of their evolution with redshift from the paper
Mortlock et al. (2013). Most of the interaction-based
models presented in this paper show a decreasing cor-
relation parameters towards higher redshifts which is
consistent with what was found by Delhaize et al.
(2017). On the other hand, the models that include
all peculiar galaxies, including the irregular galaxies
that are thought to be the result of past collisions,
show a significant evolution of the FIR-radio corre-
lation with redshift, that is, a decrease in the corre-
lation parameter. Inspired by this result, we decided
to examine the evolution of the FIR-radio correla-
tion with redshift on a larger sample of submillimeter
galaxies (SMGs).

The influence of the morphology on the evolution
of FIRC was also examined up to a redshift z ≈ 1.5
in a recent paper by Molnár et al. (2018) who showed
that, in spheroid-dominant galaxies (mainly elliptical
and disk galaxies with a prominent bulge component)
there is a decrease of the correlation parameter with
redshift and that in the case of disk-dominant galax-
ies (spiral/disk galaxies and irregular galaxies), the
evolution of correlation is small. The main difference
that will be introduced in this paper is in the mor-
phology of galaxies itself. As this paper relies on the
hypothesis that the interaction between galaxies is
responsible for the observed evolution of the corre-
lation, we will pay special attention to the irregular
morphological type of galaxies. On the other hand, it
is considered that the cause of the correlation is the
formation of stars in galaxies, we decided to exclude
elliptical galaxies from the sample because they are
passive and have long since completed the phase of
star formation (Chiosi and Carraro 2002, De Lucia
et al. 2006). Furthermore, we increased the range
of the redshift up to z = 3.5 relative to z = 1.5 in
Molnár et al. (2018) because the frequency of interac-
tions between galaxies is also thought to increase up
to this redshift (Mortlock et al. 2013, Mundy et al.
2017, Ventou et al. 2017). Since, after the redshift
z = 1, the determination of the morphology of galax-
ies based on the optical images is very imprecise, es-
pecially for the dust-obscured systems we are cur-
rently working with, we decided to use three mor-
phological catalogs for this purpose. A detailed prin-
ciple for morphology determination of galaxies will
be described in Section 2.

This paper is organized as follows: Section 2 con-
tains a detailed analysis of the data, such as determin-
ing the morphology of galaxies, explaining the criteria
used to reject AGNs. Section 3 is dedicated to the
spectral energy distribution curve (SED) fitting, as
well as to calculating the spectral indices. This chap-
ter also contains references to all the catalogs used
in this paper. In Sections 4 and 5, I presented the
results and discussion, respectively.
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2. DATA ANALYSIS

In order to examine the evolution of the FIR-
radio correlation with the redshift found in Delhaize
et al. (2017), we used a SMGs over the 2deg2 COS-
MOS field, that has both radio and infrared obser-
vations. The chosen SMGs were discovered by the
λobs = 1.1 mm blank-field continuum survey over an
area of 0.72 deg2 or 37.5% of the entire 2deg2 COS-
MOS field, conducted with the AzTEC bolometer ar-
ray on the 10m Atacama Submillimeter Telescope Ex-
periment (Ezawa et al. 2004). The angular resolution
of these observations was 34′′ FWHM. Because of the
source-deblending from the older generation single-
dish telescope (Casey et al. 2014, Pearson et al. 2017,
Hurley et al. 2017, Donevski et al. 2018, Wang 2019),
the contribution of many sources will significantly af-
fect the estimation of the FIR luminosities. In these
cases, the qFIR parameter will be the upper limit for
the observed source.

2.1. Morphology

Several morphological catalogues cover the COS-
MOS field, including the Tasca, Cassata, and Zurich
catalogs (Tasca et al. 2009, Cassata et al. 2007, Scar-
lata et al. 2007, Sargent et al. 2007), that were used in
this paper. Each catalogue provides a morphological
classification of galaxies into different types (rather
than just morphology-related parameters), and all
objects are classified as 1-early type, 2-disk (spiral),
and 3-irregular galaxies.

To obtain a morphological type for each of our
sources, I used a ladder approach: if the source is
classified as an irregular/disk in each of the three cat-
alogs, I classified the source as an irregular/disk, and
if two out of the three catalogs gives the same mor-
phology, this most common class is adopted. Further-
more, we purified the sample by excluding all galaxies
classified as early-type because they are not relevant
to this research. Although the morphology of galax-
ies could be more precise, as I mentioned in the Sec-
tion 1, in order to avoid the introduction of another
model-dependent parameter, I have decided to adopt
an already defined morphology.

2.2. AGN selection and exclusion

Active galactic nuclei show a prominent radio
emission of non-thermal nature, which could signif-
icantly influence the evolution of FIRC, as the na-
ture of the non-thermal radio emission is not the
same as in star-forming galaxies. On the other hand,
it is known that the distribution of AGN (quasars)
reaches a maximum at the redshift z = 2 (Croom
et al. 2001, 2004), which means that they must be
removed from the sample we are observing. In or-
der to clean the sample from the active galactic nu-
clei, I used the COSMOS VLA 3GHz AGN Catalog
(Smolčić et al. 2017a) where the AGNs were iden-

tified using 4 criteria in different parts of the spec-
trum (mid-infrared, X, and radio domain) (Donley
et al. 2012, Elvis et al. 2009, Civano et al. 2012, 2016,
Marchesi et al. 2016, Smolčić et al. 2017a, Delvec-
chio et al. 2014). Exact details on the AGN selection
can be found in Delvecchio et al. (2017). We cross-
referenced our sample with the COSMOS VLA 3GHz
AGN Catalog and discarded every object that showed
the presence of AGN by any criteria. Although using
these criteria we are sure that there is no contamina-
tion from AGNs in the sample, there is a possibility
that we lose the star-forming sources with excess ra-
dio emission but without the presence of AGN. This
can result in a reduction of our sample, because these
are the sources that are of interest to us, which, on
the other hand, could mask the evolution of the cor-
relation, i.e. the excess of the radio emission towards
higher redshifts.

2.3. Photometric and spectroscopic redshift

To study the evolution of the Far-infrared radio
correlation, it was required that each object in the
sample has a redshift. Spectroscopic redshifts are
available in the COSMOS spectroscopic redshift mas-
ter catalog (Salvato et al. in prep), which were mea-
sured in the VUDS survey (Le Fèvre et al. 2015,
Tasca et al. 2017), zCOSMOS survey (Lilly et al.
2007), and DEIMOS runs (Capak et al. in prep.),
and are highly reliable. For objects where the spec-
troscopic redshift was unavailable, a photometric red-
shift from the COSMOS2015 photometric redshift
catalog (Laigle et al. 2016) was used.

The histograms below show the distribution of
photometric (blue) and spectroscopic (pink) redshifts
of galaxies in the COSMOS field, for disk (left) and
irregular (right) galaxies. As we can see, the photo-
metric redshifts dominate the sample. For most of the
galaxies that have a spectroscopic redshift, we also
have a photometric one. The differences are gener-
ally zs ≈ zp0.5 (where zp and zs are photometric and
spectroscopic redshift, respectively), which would in-
troduce an additional error in the results. Therefore,
a decision was made to use spectroscopic redshifts for
all the objects for which it is available, in our case it
is for 33 disk and 11 irregular galaxies, respectively.
For the rest of the sample, a photometric redshift was
provided.

3. SED MODELING OF THE FIR DATA
AND RADIO-SELECTED SAMPLE

In order to obtain the total FIR flux density,
we have used infrared observations in the following
bands: 24µm, 100µm, 160µm, and 250µm, 350µm
and 500µm data taken from the Herschel continuum
observations (Pilbratt et al. 2010) and obtained as a
part of the Photodetector Array Camera and Spec-
trometer (PACS) Evolutionary Probe (Lutz et al.
2011, PEP) and the Herschel Multi-tiered Extra-
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Fig. 1: The distribution of disk galaxies (left) and irregular galaxies (right) depending on the redshift for all

galaxies from the COSMOS field that have defined the morphology. Blue and pink colors represent objects that have

photometrically and spectroscopically obtained redshifts, respectively.

galactic Survey (Oliver et al. 2012, HerMES) pro-
grams. Next, the SED curve was fitted on those
points by a second-degree polynomial for each galaxy
separately. The total FIR flux density was then ob-
tained by integrating the SED curve in the rest frame
in the range of 42µm to 122µm. To check whether
such fitting of the SED curve introduces a signifi-
cant error when calculating the FIR luminosity, we
used the sample AzTEC/ASTE published in the pa-
per (Miettinen et al. 2017) on which we performed a
similar analysis as presented in this paper and came
to the conclusion that FIR luminosities can be distin-
guished by 100µJy, which is an order of magnitude
smaller than the instrumental error we get at these
wavelengths. On the other hand, this difference will
introduce a dispersion in the qFIR parameter of only
0.03, which is again an order of magnitude smaller
from its standard deviation, so we decided that the
use of the second-degree polynomial fit in the FIR
wavelengths is a good approximation.

Primarily, flux densities of two wavelengths in
the radio domain were used to calculate the spec-
tral indices for given galaxies. We used the 3
GHz integrated radio flux density from the COS-
MOS VLA 3GHz Multiwavelength Counterpart Cat-
alog (Smolčić et al. 2017b), and the 1.4 GHz radio
flux density from the COSMOS VLA Deep Cata-
log (Schinnerer et al. 2010, Aretxaga et al. 2011).
The spectral index was calculated assuming a power-
law spectrum with index α where Sν ∝ να of radio
sources by comparing the 3 GHz fluxes to those in
the 1.4 GHz VLA COSMOS data. For those galaxies
with flux at 1.4 GHz, the rest-frame, k-corrected, flux
densities have been calculated using the previously
determined spectral index (Magnelli et al. 2015) at
1.4 GHz and were used for determining the qFIR pa-
rameter. For the rest of the sample, we converted the
observer-frame 3 GHz fluxes into 1.4 GHz luminosi-
ties:

L1.4GHz =
4πD2

L

(1 + z)α+1

(
1.4

3

)α
S3GHz (2)

where DL is the luminosity distance to the object in
meters. L1.4GHz and S3GHz are the observed radio
luminosity at 1.4 GHz and observed flux density at 3
GHz, respectively. For all physical quantities used in
this paper, the errors were propagated and combined
in quadrature.

Eq. (2) tells us that we need a radio spectral in-
dex to switch the luminosity from the observed to
rest frame. In cases where we do not have flux densi-
ties at two wavelengths in the radio domain, a fixed
value of this parameter was used. Therefore, I wanted
to examine whether one value of the spectral index
taken for the rest of the sample will significantly af-
fect the results. Fig. 2 shows the dependence of the
correlation parameter on the redshift for fixed spec-
tral index α = −0.6 (green circles), α = −0.7 (red
exes), α = −0.8 (burgundy triangles) and α = −0.9
(purple rectangles). We can see that, as we move
towards larger redshifts, the value of the spectral in-
dex significantly affects the value of the correlation
parameter:

qFIR = log

(
FFIR(1+z)(1+α)

( 1.4
3 )

α
S3GHz

)
(3)

where, already at redshift 1.5, the value of the cor-
relation parameter changes from q−0.9 = 2.21 to
q−0.6 = 2.42. This means that taking a constant
value of the radio spectral index automatically pulls
the natural evolution of the correlation parameter
toward higher redshifts. On the other hand, the
steeper radio spectral index used in previous research
(α = −0.7, Delhaize et al. (2017)) will result in lower
values of the correlation parameter, which may be re-
sponsible for the evolution of the correlation with red-
shift itself. The recent research (Klein et al. 2018) has
shown that the radio spectral index in SMG galax-
ies is not as steep as previously thought, rather, it
is closer to α = −0.56, which gives a higher value of
the correlation parameter compared to previous an-
alyzes. All this leads to the conclusion that taking
a constant value of this parameter, especially steeper
values, can lead to the apparent evolution of the FIR-
radio correlation.
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Fig. 2: Dependence of the correlation parameter on redshift for different spectral indices: α = −0.6 (green circles),

α = −0.7 (red exes), α = −0.8 (burgundy triangles) and α = −0.9 (purple rectangles).

For 109 galaxies from the sample, that does not
have a flux density at two wavelengths in the radio do-
main, a fixed spectral index α = −0.59± 0.20 (Klein
et al. 2018) was assumed, which is a big difference
from the work Delhaize et al. (2017), where they took
α = −0.7. This difference may be responsible for the
divergence of our results from the previously observed
evolution of the correlation, as seen in Section 4.

After determining the morphology, removing the
AGNs, and cleaning the sample, the final sample con-
sists of 159 disks and 44 irregular galaxies. In order
to get a larger sample and statistically more signifi-
cant results, galaxies from previous work were added
to this sample (Pavlović et al. 2019), so the final sam-
ple used in this paper consists of 236 galaxies, 181 of
which are disk and 55 are irregular.

4. RESULTS

In order to compare this work to our previous
work (Pavlović et al. 2019) where we had a lack of
galaxies at a redshift z < 1 , an analysis was per-
formed on the entire sample from 0 < z < 3.5 but
also on the z > 1 subsample. We determined the
mean value of the correlation parameter for the en-
tire sample of galaxies to be qFIR = 2.34 ± 0.30,
and for galaxies at redshift z > 1 where we get
qFIR(z>1) = 2.21 ± 0.36. Furthermore, we deter-
mined the mean value of the correlation parame-
ter separately for each of the subsamples, which is
qFIR = 2.34±0.30 and qFIR = 2.19±0.34, for disk and
irregular galaxies, respectively. In addition, we deter-
mine the median value with 16th and 84th percentile
for qFIR for disk and irregular galaxies separately and
the results are summarised in Table 1 for two different
ranges of stellar masses 10.5 < log(M∗/Mo) < 10.5,

Table 1: Median values for qFIR with 1σ deviations

for disk and irregular galaxies seperatly, for two differ-

ent ranges of stellar masses.

Disk galaxies Irregular galaxies

log(M∗/M0) < 10.5
q−1σ = 2.19 q−1σ = 1.97
qmedian = 2.46 qmedian = 2.21
q+1σ = 2.65 q+1σ = 2.42

log(M∗/M0) > 10.5
q−1σ = 2.15 q−1σ = 1.93
qmedian = 2.38 qmedian = 2.34
q+1σ = 2.56 q+1σ = 2.53

in order to compare the results with Delvecchio et al.
(2021).

As we can see, both the mean and median qFIR
parameters show lower values in the sample of irreg-
ular galaxies, and are consistent with the possibil-
ity that those galactic collisions might be driving the
evolution of qFIR towards higher redshift, as was also
pointed out in the previous works of Donevski and
Prodanović (2015), Pavlović et al. (2019).

In order to compare the results with previous pa-
pers (Delhaize et al. 2017, Pavlović et al. 2019), the
dependence of the correlation parameter with redshift
was examined in the form of qFIR(z) = a(1 + z)b,
where a is a fitting constant and b is a degree co-
efficient, for two different morphological types sepa-
rately.

Fig. 3 shows the dependence of qFIR(z) defined
previously for 181 disk galaxies (left), and 55 irregu-
lar galaxies (right). The red dashed and dash-dotted
lines represent power-low fits qFIR = (2.4± 0.01)(1 +
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Fig. 3: qFIR as a function of redshift. Left: data for disk galaxies (red stars) were fitted with the red dashed line.

Right: data for irregular SMGs (red triangles) were fitted with a red dash-dotted line. The solid black line is the

mean value for the qFIR parameter with the grey-shaded region representing its standard deviation for disk (left) and

irregular (right) galaxies. Blue lines represent the results from Molnár et al. (2018) for spheroid-dominated (left) and

disk-dominated (right) galaxies, for comparison.

z)(−0.05±0.04) and qFIR = (2.2± 0.1)(1 + z)(0.04±0.08),
for disk and irregular galaxies, respectively. Blue
lines represent the results from Molnár et al. (2018)
for spheroid-dominated (left) and disk-dominated
(right) galaxies, for comparison. Although trends in
different morphological types appear to be opposing,
both are consistent within errors with no evolution
with redshift. However, it is important to note that
small statistics and large uncertainties especially at
redshifts z > 1, might be obscuring any underlying
evolution found by Delhaize et al. (2017). Another
existing explanation of the discrepancy of our results
with Delhaize et al. (2017) is that the observed evo-
lution of the FIR-radio correlation with redshift does
not exist and that it is the result of poor estimation
of the spectral index in star-forming galaxies in the
young universe.

Furthermore, I analyzed the dependence of the
correlation parameter of redshift for the entire sample
(disk + irregular) of 236 galaxies. The fitting results
are shown in Fig. 4. The solid blue curve represents
a power-low fit for the whole sample of 236 galaxies
in the shape of qFIR = (2.4± 0.01)(1 + z)(−0.02±0.03).
The whole sample does not show any indications for
the evolution of the redshift correlation, as well. Fig.
4 also shows the previously observed trend found by
Delhaize et al. (2017), as an orange dotted line, for
easy comparison.

As we can see in Fig. 4, the number of points on
the highest redshift bin is significantly lower than on
the small redshifts, which may mean that this small
number of data points overlaps the actual value of the
correlation parameter in these stages. On these red-
shift bins, outliners are not weighted, and the num-
ber of data points is exclusively a consequence of the
undefined (or non-inclusively defined) morphology of

galaxies. On the other hand, the value of the correla-
tion parameter at these redshifts does not exceed the
standard deviation of the nominal value (Yun et al.
2001), so I decided that there was no need to remove
the outliners.

A recent paper (Delvecchio et al. 2021) has shown
that the infrared radio correlation shows a significant
evolution with stellar mass (M∗) while a weaker de-
pendence on redshift has been found. It was found
that the correlation parameter qIR shows lower val-
ues in galaxies of higher stellar masses. As our sample
also showed a weak dependence of the correlation on
the redshift, we decided to check whether the cor-
relation with the redshift would occur for different
bins of stellar masses. Stellar masses were also taken
from the COSMOS2015 photometric redshift catalog
(Laigle et al. 2016), and the dependence of the cor-
relation parameter was analyzed for 4 bins of stellar
masses: log(M∗/Mo) < 10, 10 < log(M∗/Mo) < 10.5,
10.5 < log(M∗/Mo) < 11, and log(M∗/Mo) > 11.

In contrast to the work Delvecchio et al. (2021),
in our sample for three bins of stellar masses, we did
not find any sign of the evolution of correlation when
fitting errors are taken into account, except for galax-
ies with stellar masses 10.5 < log(M∗/Mo) < 11,
where the correlation parameter shows evolution with
redshift in the form of: qFIR(z) = (2.5 ± 0.1)(1 +
z)(−0.11±0.05). The apparent independence of the
correlation parameter from the stellar mass can be
explained by a statistically small sample with re-
spect to work Delvecchio et al. (2021). On the other
hand, massive galaxies do originate from the colli-
sion of more galaxies and, in the past, unlike less
massive galaxies, have experienced a number of close
approaches (Conselice 2007, Conselice et al. 2009,
Bertone and Conselice 2009), which can contribute to
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Fig. 4: qFIR versus redshift for 236 SMGs. Red stars represent disk galaxies while red triangles are irregular galaxies.

The blue solid curve shows a power-law fit for the whole sample of 236 SMGs (disk + irregular) galaxies. The orange

dotted curve is the same power-law fit found in (Delhaize et al. 2017).

an increase in non-thermal radio emission, i.e. the re-
duction of the correlation parameter. This may, per-
haps, explain the results of Delvecchio et al. (2021),
which will be the subject of our future analysis.

5. DISCUSSION AND CONCLUSION

Empirically determined correlations have proven
to be an excellent tool for studying galaxies at high
redshifts, including the FAR-infrared radio corre-
lation. However, recent observations of the star-
forming galaxies up to the redshift z < 6 have shown
that this correlation is evolving with a redshift as
qFIR(z) = (2.52 ± 0.03)(1 + z)(−0.21±0.01) (Delhaize
et al. 2017). To use this correlation as one of the
powerful tools for studying the young universe, we
need to understand which physical processes are re-
sponsible for this behavior.

Inspired by the work Pavlović et al. (2019), where
it was shown that there is an indication that the

evolution of correlation is driven by interactions be-
tween galaxies, and the fact that collisions between
galaxies can produce an acceleration of cosmic-rays
(Lisenfeld and Völk 1993, Murphy 2013, Donevski
and Prodanović 2015), in this paper a more detailed
analysis of work Pavlović et al. (2019) is done and
the dependence of the correlation parameter on the
redshift is investigated on a larger sample for dif-
ferent morphology of galaxies. To do so, almost
an order of magnitude larger COSMOS sample of
236 star-forming galaxies are taken and based on
the three morphological catalogs available for this
sample, and the galaxies are divided into 181 disks
and 55 irregulars. For both subsamples, the de-
pendence of the correlation parameter on the red-
shift is examined and the following results are ob-
tained: qFIR(z) = (2.4 ± 0.01)(1 + z)(−0.05±0.04) and
qFIR(z) = (2.2± 0.1)(1 + z)(0.04±0.08) for disk and ir-
regular galaxies, respectively. None of the subsamples
showed any evolution of correlation with the redshift,
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nor when the whole sample of 236 galaxies was ana-
lyzed, where I obtained: qFIR(z) = (2.4 ± 0.01)(1 +
z)(−0.04±0.03). The obtained trends do not show the
evolution of correlation and are not consistent with
the previously confirmed evolution of the correlation
Delhaize et al. (2017). This result is also inconsis-
tent with the results found by Molnár et al. (2018),
where it was found that in the sample of spheroid-
dominated galaxies there is an evolution of the cor-
relation with the redshift where the b parameter was
found to be b = −0.19 ± 0.01. This discrepancy
can be explained by the difference in determining
the morphology. Namely, in the paper Molnár et al.
(2018) the sample of spheroid-dominated galaxies
consists of earl-type + disk galaxies with a prominent
bulge component, while in our sample of disk galax-
ies there are only disk-dominated galaxies, while we
excluded elliptical galaxies from the analysis. This
could mean that active elliptical galaxies (Fukugita
et al. 2004, Huang and Gu 2009) are responsible for
the evolution of the redshift correlation, which will be
the subject of our future research, and which would
indicate that whatever the driving mechanism is it
is not tightly related to star-formation or gas mass.
It is interesting to point out that the mean value
of the correlation parameter in irregular galaxies is
lower than in disk galaxies. As the sample is dom-
inated by disk galaxies, which is partly consistent
with our previous work Pavlović et al. (2019), it is
still possible that the different morphology of galax-
ies drives the evolution of the correlation with the
redshift. The result is also consistent with the work

of Algera et al. (2020) where it was found that, in the
range 1.5 < z < 4, the mean value of the parameter
qFIR = 2.2 ± 0.03, which is 0.4 dex lower than the
local value for a heterogeneous mix of star-forming
galaxies (Bell 2003) and ULIRGs (Yun et al. 2001).
They interpret the offset concerning the FIRC cor-
relation of normal galaxies through strong magnetic
fields in SMGs, combined with the production of sec-
ondary cosmic rays, both of which serve to increase
the radio output of a galaxy for a given star forma-
tion rate, which again supports the hypothesis that
an additional population of tidal cosmic rays is re-
sponsible for the evolution of FIRC with a redshift. I
would like to caution the reader that the parameters
now used to determine the morphology of galaxies
which are relying on optical images, are not entirely
reliable for the redshift z > 1. There is a possibility
that the subsamples are not completely morphologi-
cally clean beyond this redshift, which would signif-
icantly affect the results. For this reason, one of the
important goals that can emerge from this analysis is
to find a new more precise parameter for determin-
ing the stage of galaxy collisions at high redshifts,
because, as Donevski and Prodanović (2015) have
found, the correlation parameter will evolve over the
interaction stage. Finally, it is essential to note that
we saw that the parameter qFIR ∼ (1 + z)α is very
sensitive to the radio spectral index, so there is a pos-
sibility that this parameter, i.e. taking it constant,
is responsible for the apparent evolution of the corre-
lation, and this will be investigated in the follow-up
work.

Table 2: Data sample, colums are as follow: α and δ are the right assension and declination of the object, respectively,

z-redshift, SFIR-rest frame FIR flux density from 42 µm to 122 µm in µJy, dSFIR-propagated error on the rest

frame FIR flux density, S3GHz- the rest frame 3 GHz flux density in µJy, dS3GHz-integrated error on the 3 GHz flux

density, qFIR-correlation parameter, and dqFIR-propagated error on the correlation parameter.

α δ z SFIR dSFIR S3GHz dS3GHz qFIR dqFIR
[◦] [◦] [µJy] [µJy] [µJy] [µJy]

150.55 1.91 0.55 8897.51 1064.62 0.09 0.02 2.08 0.09
150.62 1.99 1.11 7645.89 1153.42 0.08 0.02 2.15 0.12
150.15 1.80 1.10 15175.45 1111.73 0.05 0.02 2.73 0.18
150.17 2.30 0.44 7465.10 1257.03 0.06 0.01 2.19 0.10
149.54 2.04 0.73 7597.60 215.16 0.17 0.02 1.75 0.05
149.57 1.88 0.62 10836.59 1361.42 0.07 0.02 2.28 0.11
149.57 1.74 0.49 21133.21 5212.18 0.15 0.02 2.23 0.12
149.94 2.67 0.49 18064.39 1689.16 0.13 0.01 2.23 0.06
149.68 2.76 1.11 23428.80 3494.37 0.46 0.02 1.83 0.07
149.68 2.43 0.33 11824.62 1225.23 0.14 0.02 1.99 0.07
149.69 1.67 0.32 27954.73 494.45 0.29 0.05 1.99 0.08
150.75 2.05 0.59 35901.06 2228.78 0.27 0.05 2.20 0.09
150.75 2.36 0.19 40714.40 1547.93 0.12 0.02 2.58 0.07
149.71 2.22 2.32 7563.43 958.31 0.38 0.05 1.40 0.08
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Table 2: continued.

α δ z SFIR dSFIR S3GHz dS3GHz qFIR dqFIR
[◦] [◦] [µJy] [µJy] [µJy] [µJy]

149.92 2.25 1.63 10006.35 1093.49 0.07 0.01 2.31 0.09
149.93 2.30 1.83 13858.89 1367.27 0.08 0.01 2.44 0.08
150.27 2.21 0.85 11435.70 1361.31 0.06 0.01 2.40 0.10
150.28 2.05 1.11 8685.78 356.41 0.06 0.01 2.34 0.10
149.76 2.34 1.01 11590.02 1565.86 0.10 0.01 2.14 0.08
149.77 2.53 0.73 8371.22 558.37 0.13 0.02 1.92 0.06
149.77 2.22 1.60 11521.95 2942.53 0.10 0.01 2.26 0.12
150.46 2.06 0.33 11556.97 4610.53 0.07 0.01 2.31 0.19
150.00 1.94 0.69 13481.89 188.99 0.10 0.01 2.23 0.05
150.00 2.27 0.68 21124.55 452.50 0.08 0.01 2.52 0.06
150.39 2.78 0.36 14194.28 1324.96 0.10 0.02 2.18 0.09
150.44 2.64 0.11 40951.97 3040.25 0.14 0.02 2.50 0.07
149.79 2.29 0.52 5590.52 4378.90 0.13 0.01 1.71 0.34
149.79 2.11 0.48 9348.22 1366.52 0.06 0.01 2.19 0.09
149.79 2.01 1.37 8030.00 1072.62 0.32 0.01 1.61 0.06
149.80 2.14 0.36 34628.75 591.05 0.28 0.03 2.14 0.04
149.80 2.38 0.68 15373.55 155.57 0.08 0.01 2.42 0.06
150.36 2.70 0.32 14688.11 531.13 0.07 0.01 2.38 0.08
150.49 2.73 0.23 10380.46 1686.05 0.09 0.02 2.11 0.11
150.40 2.42 0.17 25002.56 3350.44 0.29 0.07 1.95 0.12
150.40 2.79 0.71 18381.28 2167.93 0.31 0.02 1.87 0.06
149.77 2.47 0.60 16284.43 1741.78 0.10 0.01 2.30 0.07
149.83 1.93 1.43 15558.80 886.68 0.13 0.01 2.22 0.05
149.83 2.55 2.08 9245.63 245.27 0.08 0.01 2.28 0.07
149.84 1.64 1.23 16368.70 2435.86 0.10 0.02 2.41 0.12
150.58 1.89 0.41 9828.47 1214.50 0.07 0.02 2.21 0.11
150.65 2.03 0.44 10340.76 856.01 0.11 0.02 2.06 0.09
150.68 2.23 0.59 19893.95 1775.35 0.07 0.02 2.59 0.13
150.69 1.62 1.02 11166.88 832.81 0.22 0.02 1.82 0.06
150.04 2.08 0.46 18798.90 2788.78 0.10 0.01 2.32 0.08
150.21 2.36 0.17 50380.17 5107.55 0.27 0.03 2.28 0.07
150.33 1.92 0.10 72256.35 9819.26 1.37 0.05 1.73 0.06
150.34 2.05 0.85 15191.30 1867.16 0.10 0.01 2.28 0.08
150.30 2.05 0.71 16659.07 1153.81 0.08 0.01 2.42 0.07
149.48 1.86 0.51 30403.79 5883.63 0.21 0.02 2.25 0.09
150.12 2.46 0.25 52507.87 4588.46 0.70 0.03 1.91 0.04
149.74 2.07 0.74 12732.01 798.42 0.06 0.01 2.48 0.11
149.74 2.18 0.35 17565.86 2391.38 0.14 0.02 2.15 0.09
150.27 1.98 1.17 17605.57 1393.13 0.11 0.01 2.33 0.06
150.60 2.45 0.38 20699.26 6254.93 0.08 0.02 2.50 0.16
150.60 2.75 0.65 12267.35 974.19 0.09 0.03 2.22 0.15
150.60 2.12 0.38 15502.48 334.09 0.08 0.02 2.34 0.08
149.85 2.78 0.14 27909.41 5186.01 0.46 0.05 1.80 0.09
149.87 2.16 0.94 10218.45 1086.14 0.07 0.05 2.32 0.35
150.31 2.24 0.25 19858.26 1274.26 0.07 0.01 2.50 0.07
149.91 2.45 0.58 9721.46 391.29 0.08 0.01 2.17 0.07
150.34 2.57 0.82 14557.66 1612.38 0.24 0.01 1.93 0.05
150.11 2.53 1.99 11751.46 1320.59 0.07 0.01 2.46 0.09
149.97 2.54 0.23 23879.13 398.81 0.07 0.01 2.60 0.08
149.98 2.43 0.48 15832.57 1014.17 0.13 0.01 2.15 0.06
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Table 2: continued.

α δ z SFIR dSFIR S3GHz dS3GHz qFIR dqFIR
[◦] [◦] [µJy] [µJy] [µJy] [µJy]

150.17 2.13 0.19 19476.74 2826.56 0.14 0.01 2.18 0.07
150.17 2.48 0.74 15911.69 1552.31 0.07 0.01 2.47 0.09
150.19 2.68 0.29 23701.58 2923.56 0.17 0.02 2.21 0.07
150.19 2.68 0.32 44615.32 433.87 0.27 0.04 2.27 0.06
150.42 2.12 0.67 16478.81 277.80 38.80 2.90 2.53 0.04
149.85 2.32 0.38 11125.89 1109.59 26.60 2.60 2.49 0.07
150.76 2.04 1.01 15940.94 2729.45 48.50 3.60 2.45 0.08
149.72 1.62 0.10 25024.54 3508.42 48.70 3.60 2.53 0.09
149.59 2.40 1.11 11733.85 1045.17 41.40 3.30 2.39 0.05
149.53 2.42 0.49 13682.28 1778.37 23.90 3.10 2.63 0.09
150.58 2.26 0.99 9798.63 114.81 35.20 2.90 2.37 0.04
149.51 2.69 0.26 19251.25 817.14 52.10 3.90 2.42 0.06
149.80 2.12 0.49 10037.61 1092.16 33.50 2.90 2.35 0.07
150.55 2.56 0.60 9732.79 204.50 23.50 2.50 2.51 0.05
150.55 2.49 0.86 12528.88 516.70 35.10 2.90 2.47 0.04
150.48 1.95 0.67 13215.96 434.45 33.30 2.80 2.50 0.04
149.91 2.61 0.35 20341.48 936.44 64.90 4.00 2.36 0.05
150.52 2.53 0.41 11543.54 1134.28 19.00 2.50 2.65 0.08
150.34 1.61 0.23 5229.76 3469.70 18.00 2.70 2.31 0.30
150.62 2.33 0.49 9279.77 614.27 21.60 2.50 2.51 0.07
149.64 2.02 0.36 11307.85 445.80 24.70 2.60 2.52 0.06
150.35 2.40 0.14 35107.66 5068.06 39.10 3.10 2.78 0.09
149.67 1.71 0.38 16180.74 730.70 43.50 3.20 2.43 0.05
149.76 1.99 0.50 15007.69 937.29 30.50 2.80 2.57 0.06
150.50 2.20 1.72 7040.84 269.21 24.30 2.50 2.45 0.05
150.75 2.59 0.69 13257.17 146.55 29.40 3.20 2.55 0.05
149.76 1.87 0.54 14231.01 663.12 44.30 3.30 2.39 0.05
150.29 1.69 1.25 5734.58 327.56 43.50 3.20 2.07 0.04
150.42 1.82 0.85 7631.56 4124.08 29.20 2.70 2.33 0.24
150.37 1.69 1.00 11698.40 1872.48 22.00 2.60 2.66 0.09
149.70 2.61 0.41 15232.03 558.04 23.70 2.70 2.68 0.06
150.24 2.85 0.29 11098.55 396.89 35.40 3.10 2.35 0.06
149.99 2.32 0.85 7097.75 435.71 11.90 2.40 2.69 0.09
150.09 2.43 0.36 15116.15 1352.03 32.00 2.70 2.54 0.07
150.26 2.51 0.17 6490.29 1684.22 45.50 3.20 1.99 0.13
150.69 2.14 0.40 17023.25 65.30 23.30 2.90 2.73 0.07
150.27 2.62 0.67 8364.18 232.16 25.60 2.60 2.41 0.05
149.92 2.31 0.66 5320.67 1635.90 14.10 2.50 2.47 0.16
149.66 2.13 0.56 18451.58 2060.18 49.30 3.60 2.46 0.06
150.11 2.55 0.72 6033.37 2686.97 13.70 2.40 2.55 0.21
149.88 2.07 0.60 15146.36 940.19 12.60 2.30 2.97 0.09
150.60 2.40 0.60 11160.95 1488.41 21.80 2.50 2.60 0.08
149.60 2.23 0.63 11189.69 1213.25 32.30 3.10 2.43 0.07
150.38 2.81 0.23 17305.81 54.22 19.70 2.50 2.79 0.07
149.89 2.47 0.71 6712.19 91.77 32.80 2.80 2.21 0.04
150.72 1.72 0.30 17648.06 2316.76 43.90 3.30 2.46 0.08
150.72 1.77 0.85 14121.47 2479.87 33.80 3.20 2.54 0.09
150.54 2.53 0.62 8549.51 1901.59 28.10 2.70 2.38 0.11
150.48 2.61 0.11 19114.78 883.71 25.30 2.60 2.70 0.07
150.49 2.67 0.72 13037.04 429.65 18.30 2.40 2.76 0.06
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Table 2: continued.

α δ z SFIR dSFIR S3GHz dS3GHz qFIR dqFIR
[◦] [◦] [µJy] [µJy] [µJy] [µJy]

150.52 2.20 0.38 11942.51 591.55 22.70 2.60 2.58 0.07
149.56 2.35 1.12 5612.45 912.01 15.50 2.80 2.50 0.11
150.11 1.67 0.48 17770.78 1070.39 47.00 3.30 2.45 0.05
150.62 2.53 0.32 5642.59 694.03 21.70 2.60 2.27 0.09
150.17 2.36 0.67 11056.67 783.79 26.80 2.70 2.51 0.06
150.05 2.70 0.82 9032.05 729.88 13.60 2.40 2.74 0.09
150.06 1.68 0.53 10506.25 1203.03 18.20 2.50 2.64 0.08
150.51 2.78 0.33 14249.11 1656.85 20.30 2.40 2.70 0.08
150.00 2.30 0.50 7949.58 245.49 12.40 2.40 2.69 0.09
150.56 2.36 0.99 8899.86 1927.69 11.70 2.40 2.81 0.13
150.33 1.87 0.82 10791.62 40.90 23.30 2.60 2.58 0.05
150.56 2.46 0.27 8026.83 2033.04 13.00 2.30 2.64 0.14
150.57 2.21 0.75 8069.05 1116.79 16.90 2.60 2.59 0.09
149.57 1.62 0.45 10678.65 754.61 61.50 4.10 2.11 0.05
149.57 2.63 0.27 10311.38 1217.29 39.50 3.10 2.27 0.08
150.24 2.32 0.38 20339.61 5267.57 16.90 2.50 2.94 0.13
150.07 2.23 0.19 24557.85 843.70 29.10 2.70 2.76 0.07
150.43 2.28 0.49 11645.26 11732.95 27.60 2.70 2.50 0.44
150.69 1.74 0.25 17838.55 2407.29 40.70 3.20 2.49 0.08
150.40 2.67 0.49 9758.70 649.36 22.90 2.70 2.51 0.07
150.41 2.43 0.39 9560.16 2546.71 15.90 2.40 2.64 0.14
149.51 2.63 0.72 5929.76 1000.38 14.90 2.80 2.50 0.11
150.18 2.29 0.73 7229.35 10.04 11.90 2.30 2.69 0.09
150.26 1.94 0.68 7054.28 33.37 23.20 2.60 2.38 0.05
150.59 2.41 1.15 12320.46 5359.75 38.00 3.00 2.45 0.19
149.59 2.24 0.56 2805.62 1819.50 13.90 2.60 2.19 0.29
149.78 2.27 1.22 7135.15 290.90 19.90 2.50 2.50 0.06
150.55 1.64 0.49 9879.97 77.24 37.30 3.10 2.30 0.05
150.35 2.72 0.38 11538.42 1921.58 29.20 2.80 2.46 0.09
150.17 1.81 0.85 15501.34 2146.64 19.20 2.50 2.82 0.08
150.65 2.70 0.59 5576.31 346.45 26.10 2.70 2.22 0.06
150.65 2.00 1.01 6795.39 887.12 14.80 2.50 2.59 0.09
150.32 2.27 0.80 7746.95 858.08 29.80 2.70 2.33 0.06
149.82 2.42 0.84 5397.73 555.18 12.30 2.30 2.56 0.09
150.28 1.78 0.88 3780.02 107.50 12.30 2.40 2.41 0.09
149.50 2.18 1.02 7747.63 3.71 30.00 3.50 2.34 0.05
150.68 2.62 0.92 8855.81 498.89 25.30 2.80 2.47 0.05
149.88 2.77 0.76 8300.71 49.69 11.70 2.40 2.76 0.09
149.72 2.71 0.88 11803.85 18.22 20.70 2.60 2.67 0.06
149.58 2.52 1.16 10207.11 4.17 31.90 2.90 2.45 0.04
150.55 1.81 1.01 6154.37 135.18 14.40 2.40 2.56 0.07
150.07 2.07 0.96 7401.31 327.50 25.80 2.60 2.38 0.05
149.50 2.49 1.70 8381.65 465.83 18.30 2.90 2.64 0.08

Acknowledgements – I am grateful to my men-
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381–384

Conselice, C. J., Yang, C. and Bluck, A. F. L. 2009, MN-
RAS, 394, 1956

Croom, S. M., Smith, R. J., Boyle, B. J., et al. 2001,
MNRAS, 322, L29

Croom, S. M., Smith, R. J., Boyle, B. J., et al. 2004,
MNRAS, 349, 1397

De Lucia, G., Springel, V., White, S. D. M., Croton, D.
and Kauffmann, G. 2006, MNRAS, 366, 499

Del Moro, A., Alexander, D. M., Mullaney, J. R., et al.
2013, A&A, 549, A59
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Potvr�eno da postoji jaka linearna
zavisnost izme�u termalnog infracrvenog
zraqeǌa i netermalnog radio-zraqeǌa kod
galaksija u kojima se formiraju zvezde. Sko-
raxǌi radovi koji su se zasnivali na prouqa-
vaǌu ove korelacije na velikim crvenim po-
macima, pokazali su evoluciju parametra ko-
relacije. U ovom radu, istra�i�u mogu�e fi-
ziqke procese koji su zaslu�ni za ovu evo-
luciju. Jedan mogu�i uzrok ovakvog ponaxa-
ǌa korelacije jeste interakcija izme�u galak-
sija. Koristila sam morfologiju galaksija
kao indikator proxle i sadaxǌe interakcije,
jer je opxte poznato da nepravilne galaksije
nastaju sudarima ili bliskim prolazima. Da
bih testirala ovu hipotezu, uzela sam uzo-
rak galaksija u submilimetarskom podruqju
do crvenog pomaka z = 3.5 iz poǉa COSMOS. U
odnosu na morfoloxki tip, uzorak je pode-
ǉen na dva poduzorka (diskolike i nepravilne
galaksije), a evolucija korelacije je ispitana
kod oba poduzorka zasebno. Pokazano je da kod
oba poduzorka ne postoji indikacija za evolu-
ciju daleke infracrvene-radio korelacije sa

crvenim pomakom. Me�utim, prona�eno je da je
sredǌa vrednost parametra korelacije ni�a
kod nepravilnih galaksija, xto mo�e da uti-
qe na evoluciju korelacije, ako se broj nep-
ravilnih galaksija pove�ava sa crvenim po-
makom. Diskolike galaksije, koje dominiraju
ovim uzorkom mogu biti zaslu�ne za privid-
ni nedostatak ove evolucije. Sa druge strane,
postoji veliki problem kod optiqkog odre�i-
vaǌa morfologije galaksija na velikim cr-
venim pomacima zbog neprozraqnosti praxi-
ne. Da bi se testirala hipoteza da su galak-
sije u interakciji zaslu�ne za evoluciju ko-
relacije sa crvenim pomakom, potrebno je da
se analizira mnogo ve�i uzorak galaksija qija
morfologija je odre�ena pomo�u slika dobi-
jenih sa teleskopa VLA i ALMA, kao dodatak
optiqkim slikama. Konaqno, prona�eno je da
je parametar qFIR, a samim tim i evolucija ko-
relacije, veoma osetǉiv na radio-spektralni
indeks, te uzimaǌe konstantne vrednosti ovog
parametra mo�e biti zaslu�no za posmatranu
evoluciju korelacije.
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