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ABSTRACT

A correlation between the 24 µm continuum and the [Nii] 205 µm line emission may arise if both quantities trace the star formation
activity on spatially-resolved scales within a galaxy, yet has so far only been observed in the nearby edge-on spiral galaxy NGC 891.
We therefore assess whether the [Nii] 205�24 µm emission correlation has some physical origin or is merely an artefact of line-of-
sight projection e↵ects in an edge-on disc. We search for the presence of a correlation in Herschel and Spitzer observations of two
nearby face-on galaxies, M 51 and M 83, and the interacting Antennae galaxies NGC 4038 and 4039. We show that not only is this
empirical relationship also observed in face-on galaxies, but also that the correlation appears to be governed by the star formation
rate (SFR). Both the nuclear starburst in M 83 and the merger-induced star formation in NGC 4038/9 exhibit less [Nii] emission
per unit SFR surface density than the normal star-forming discs. These regions of intense star formation exhibit stronger ionization
parameters, as traced by the 70/160 µm far-infrared (FIR) colour. These observations suggest the presence of higher ionization lines
that may become more important for gas cooling, thereby reducing the observed [Nii] 205 µm line emission in regions with higher
star formation rates. Finally, we present a general relation between the [Nii] 205 µm line flux density and SFR density for normal
star-forming galaxies, yet note that future studies should extend this analysis by including observations with wider spatial coverage
for a larger sample of galaxies.
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1. Introduction

Diagnostic tracers of the star formation rate (SFR) have tradi-
tionally been based on observations of the broadband continuum
(e.g. FUV, 24 µm band) or spectral line emission (e.g. H↵, P↵)
of the Milky Way and nearby galaxies (see Kennicutt & Evans
2012 for a review, and references therein). The recent success
of the Herschel Space Observatory (Pilbratt et al. 2010) is en-
abling the development of new SFR indicators at far-infrared
(FIR) wavelengths (e.g. Li et al. 2013), particularly with the FIR
fine-structure lines (e.g. De Looze et al. 2011, 2014; Farrah et al.
2013; Sargsyan et al. 2014; Pineda et al. 2014; Herrera-Camus
et al. 2015). In the future, ground-based interferometers capable
of observing these lines on spatially resolved (sub-arcsecond)
scales, such as the Atacama Large Millimetre/sub-millimetre
Array (ALMA) and the Northern Extended Millimetre Array
(NOEMA), will allow us to trace the star formation activity out
to the high-redshift Universe.

The [Nii] 205 µm line is one such line, which originates from
the 3P1 ! 3P0 transition of the ground state of singly ionized

nitrogen. Nitrogen’s ionization potential of 14.53 eV, which is
slightly larger than that of hydrogen, means the [Nii] emission
traces all of the warm ionized interstellar medium (ISM). With
a critical density for collisions with electrons of only 44 cm�3

at T = 8000 K (Oberst et al. 2006, 2011), the 205 µm line is
highly susceptible to collisional excitation. The [Nii] line also
has the advantage that typically it is optically thin as a result
of a small Einstein coe�cient and, like other FIR lines, does
not su↵er from the problem of obscuration by interstellar dust
that a↵ects UV/optical tracers. Therefore, [Nii] is expected to
be an excellent indicator of SFR via measurement of the flux of
ionizing photons.

For a sample of 70 galaxies in the Herschel Spectroscopic
Survey of Warm Molecular Gas in Local Luminous Infrared
Galaxies, Zhao et al. (2013) found that the SFR determined from
the total infrared luminosity via the relationship in Kennicutt &
Evans (2012) correlates with the integrated [Nii] 205 µm line
luminosity. More recently, Wu et al. (2015) found a spatially re-
solved correlation between the surface densities of the SFR and
[Nii] 205 µm line in the M 83 galaxy, and an intersection of the
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local relationship and global relationship of Zhao et al. (2013)
at high ⌃SFR. This finding suggests the latter correlation is dom-
inated by active star-forming regions. Since the 24 µm and the
[Nii] 205 µm line emission both seem to trace the SFR on spa-
tially resolved scales, one might expect to find a relationship be-
tween these two quantities.

In a recent study of the nearby edge-on spiral galaxy
NGC 891, Hughes et al. (2015) exploited such an empirical rela-
tionship to predict the [Nii] 205 µm line emission from a higher
resolution 24 µm image. Although this appears to be a power-
ful and promising technique for estimating the [Nii] 205 µm line
emission from more widely available Spitzer-MIPS data, the un-
derlying nature of the correlation is still unknown in part because
of uncertainties associated with observations of high inclination
systems. Integration along the line of sight through an edge-on
spiral galaxy includes a range of physical environments, from
active star-forming Hii regions to di↵use ionized gas, making it
di�cult to interpret the origin of the relationship. In this paper,
we thus attempt to assess whether the [Nii] 205�24 µm corre-
lation has some physical origin or is merely an artefact of line-
of-sight projection e↵ects in an edge-on disc. We search for the
presence of a correlation in Herschel and Spitzer observations
of face-on and interacting galaxies, and compare our findings to
the NGC 891 correlation of Hughes et al. (2015). We show that
not only is this empirical relationship also observed in face-on
systems, but also that this correlation appears to be driven by the
star formation rate. In the next section, we describe the data used
for our analysis and in Sect. 3 we present our results. In Sects. 4
and 5, we discuss our results and conclusions, respectively.

2. Data and image processing

The Very Nearby Galaxy Survey (VNGS; P.I.: C. D. Wilson;
see e.g. Parkin et al. 2013, 2014; Schirm et al. 2014; Hughes
et al. 2014) is a Herschel Guaranteed Time Key Project that
aims to study the gas and dust in the ISM of a diverse sam-
ple of 13 nearby galaxies with Herschel’s PACS and SPIRE
instruments (see Pilbratt et al. 2010; Poglitsch et al. 2010;
Gri�n et al. 2010). This survey provides a unique dataset for
investigating the spatially resolved [Nii] 205 µm line emission.
Observations with the SPIRE Fourier Transform Spectrometer
(FTS) of the [Nii] 205 µm line reach a ⇠1700 spatial resolution.
Because we require enough spatial coverage to accurately de-
fine and study the correlations, we select the late-type galaxies
that have been observed in the high spectral resolution, interme-
diate (rather than sparse) spatial sampling mode. Our selection
criteria include five objects: the edge-on spiral NGC 891, face-
on spirals M 51 and M 83, and the interacting Antennae galaxies
NGC 4038 and 4039 (4038/9 hereafter). Just as NGC 891 is the
member of the sample that typifies an edge-on spiral, M 51 and
M 83 are representative of face-on spiral galaxies and, thus, the
most logical choices for a comparison with NGC 891. We also
include the merging galaxies NGC 4038/9 to draw comparisons
with more intense star-forming regions. Below, we summarize
the available data and image processing steps.

2.1. SPIRE FTS [NII] line observations

The SPIRE FTS instrument (Gri�n et al. 2010) consists of two
bolometer arrays, the SPIRE Short Wavelength (SSW) array
and the SPIRE Long Wavelength (SLW) array, covering wave-
length ranges of 194 to 313 µm and 303 to 671 µm, respec-
tively, with a 20 diameter field of view. A complete description of

the instrument may be found in the SPIRE Observers’ Manual1.
Intensity maps of the [Nii] 205 µm line emission for NGC 891,
M 51, M 83 and NGC 4038/9 have been presented in Hughes
et al. (2015), Parkin et al. (2013), Wu et al. (2015) and Schirm
et al. (2014), and we adopt the same distances of 9.6, 8.4, 3.6,
and 20.0 Mpc, respectively. Here, we briefly summarize the ob-
servations and data reduction for each galaxy, whilst full details
may be found in these corresponding papers.

In general, observations are reduced using HIPE with a
SPIRE calibration context later than v.11.0.1 and basic standard
processing steps. The observations for each galaxy consist of
one central pointing in high spectral resolution intermediate-
sampling mode, whilst for NGC 891 we also include pub-
licly available open time observations (P.I.: G. Stacey) taken in
sparse-sampling mode of the upper and lower portions of the
disc. In all cases, we use the point-source calibrated data. Two
spectral cubes corresponding to the SLW and SSW arrays are
created via the spireProjection task, and the final spectra are
fit with a polynomial and Sinc function for the baseline contin-
uum and line emission. Wu et al. (2015) use the MPFIT proce-
dure (Markwardt 2009) to fit the continuum and [Nii] 205 µm
line with parabolic and Sinc functions before the continuum-
subtracted spectra are co-added in each area. Since all but M 83
were previously reduced using a homogeneous methodology,
which is described in detail in Schirm et al. (2014), we chose
to reprocess the M 83 observations in the same manner, using
HIPE v.12.1 and SPIRE calibration context v.12.3. The final in-
tegrated [Nii] flux maps have a 1500 pixel scale in the cases of
NGC 891 and NGC 4038/9, whereas those of M 51 and M 83
have a 400 pixel scale such that the finite pixels are centred on
each of the bolometers of the FTS array, while the remaining pix-
els are left blank (cf. the [Nii] maps in Fig. 1, left column). Our
reprocessed M 83 intensity map is consistent within the errors to
that of Wu et al. (2015).

2.2. MIPS 24 µm continuum observations

Our five chosen galaxies have 24 µm data obtained with the
Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al.
2004) and reprocessed by Bendo et al. (2012) using the MIPS
Data Analysis Tools (Gordon et al. 2005) with some additional
processing. Each image has a pixel scale of 1.005, a PSF FWHM
of 600, and calibration uncertainties of ⇠4% (Engelbracht et al.
2007). To facilitate a comparison between the [Nii] intensity
maps, our 24 µm maps were first convolved to the 1700 resolution
of the [Nii] 205 µm image with the common-resolution convo-
lution kernels of Aniano et al. (2011), and rescaled to the appro-
priate pixel scale for each galaxy. Although these pixel sizes are
typically smaller than the beam size, i.e. adjacent pixels are not
independent, the analysis reproduces the same trends and con-
clusions as found when setting the pixel size equal to the beam
size in each case. At the adopted distances, physical scales are
0.70, 0.61, 0.34 and 1.45 kpc for NGC 891, M 51, M 83 and
NGC 4038/9, respectively.

3. Results

3.1. [NII] 205 µm line vs. 24 µm continuum correlation

Our first goal is to confirm the existence of a correlation
in Herschel and Spitzer observations of M 51 and M 83, and
1 Document HERSCHEL-DOC-0798 version 2.5 (March 2014),
is available from the ESA Herschel Science Centre at http://
herschel.esac.esa.int/Docs/SPIRE/spire_handbook.pdf
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Fig. 1. For each galaxy (rows): SPIRE FTS [Nii] 205 µm line emission maps at 1700 resolution (i.e. the beam size, indicated by a circle) superim-
posed on contours of constant 24 µm emission (left panels). The observed logarithms of the [Nii] 205 µm line flux density versus 24 µm continuum
flux density (middle panels) and ⌃FUV+22

SFR (right panels) are shown for each resolution element (blue circles). The scatter plots include the best
linear fit (red solid line), 1� confidence intervals (red dashed lines), the 1:1 relationship (dotted line), and the converted [Nii] 205-SFR relation
from integrated measurements (black dashed line) found by Zhao et al. (2013). The grey lines for M 83 indicate the best fit and confidence intervals
obtained when excluding central pixels (log10 F24(W m�2 sr�1) > �4.4). We state the Pearson and Spearman coe�cients.
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compare our findings to those of NGC 891. Such a correla-
tion is already promisingly evident in the maps presented in the
left column of Fig. 1: qualitatively, the brighter regions of the
[Nii] emission appear to correspond to the brighter contours of
the 24 µm emission. In the middle column of Fig. 1, we quantify
the correlation between [Nii] 205 µm line emission and MIPS
24 µm emission for each galaxy. Figure 1e presents the origi-
nal correlation in NGC 891 reported by Hughes et al. (2015). To
briefly recap their results, the Spearman (⇢S) and Pearson (⇢P)
coe�cients of rank correlation are 0.94 and 0.88, respectively,
where a value of 1 represents a perfect correlation. The best-fit
linear relation is

log10 F[NII]205 = (0.77 ± 0.01) log10 F24 � (3.31 ± 0.04) (1)

where both flux densities are in units of W m�2 sr�1. In Fig. 1f
and g, we present our results for the face-on galaxies, M 51 and
M 83. The former galaxy shows a correlation of striking similar-
ity to that of NGC 891. In fact, the Spearman and Pearson coef-
ficients of 0.91 and 0.92 indicate a strong, linear correlation in
log-log space. A best linear fit, expressed as Eq. (1) above, yields
a gradient of 0.83 ± 0.02 and intercept equal to �2.90 ± 0.09,
which is very similar to the best-fit relation to the NGC 891 ob-
servations. However, M 51’s correlation has much less scatter
and tighter 1� confidence intervals, which are calculated from
the residuals of the observations and the predictions given by
the best-fit linear regression coe�cients, compared to that of
NGC 891.

The correlation is also evident in the case of M 83 with simi-
lar Spearman (0.86) and Pearson (0.92) coe�cients. The best-
fit linear relation deviates away from the 1:1 relationship for
the regions of brighter 24 µm flux density, unlike M 51 and
NGC 891, and has a gradient and intercept of 0.50 ± 0.01 and
–5.42 ± 0.03, respectively. The di↵erence in the correlation ap-
pears to be driven by the central pixels which are very bright in
the 24 µm band yet have lower [Nii] line emission than we would
expect from the other two cases. Bendo et al. (2012) warn that
the central 800 of the galaxy is saturated in the 24 µm map. In the
event that this saturation causes an issue in our convolution and
rescaling of the 24 µm map to match the properties of the [Nii]
intensity map, we also examine the best-fit linear relation when
removing these central pixels (grey lines in Fig. 1g), finding lit-
tle variation in slope or intercept of the linear best fit. Finally,
NGC 4038/9 displays an albeit weaker correlation (Fig. 1h). In
Table 1, we summarize the coe�cients of the best linear fits.

3.2. [NII] 205 µm line as a SFR tracer

We suspect the correlation between the [Nii] 205 µm line emis-
sion and the 24 µm continuum may be originating from the ca-
pability of both quantities to trace the star formation activity
on spatially resolved scales. Even if the [Nii] line emission and
SFR both correlate with the 24 µm emission, this does not au-
tomatically imply that the [Nii] line should also correlate with
the SFR. For example, the SFR could also be dependent on the
di↵use UV emission not associated with the warm ISM around
young stars. An immediate test of this hypothesis is to inves-
tigate the relationship of the [Nii] 205 µm line emission from
each region to the local SFR surface density, ⌃SFR. Although the
24 µm band is often used as a star formation tracer (see e.g.
Calzetti et al. 2005, 2007), it is important to test any relation
between [Nii] and ⌃SFR independent of the 24 µm continuum.
We therefore estimate ⌃SFR with a multi-wavelength composite
tracer (see e.g. Kennicutt & Evans 2012), adopting the SFR cali-
bration of Hao et al. (2011) for a linear combination of the FUV

Table 1. Best-fit relations between the [Nii] 205 µm line emis-
sion and various parameters considered in this work, expressed as
log10(F[NII]205/W m�2 sr�1) = c + m log10 x, with the corresponding
1� errors.

Galaxy m c � ⇢P ⇢S

x ⌘ F24/W m�2 sr�1

NGC 891 0.77 ± 0.01 –3.31 ± 0.04 0.36 0.89 0.94
M 51 0.83 ± 0.02 –2.90 ± 0.09 0.16 0.92 0.91
M 83 (all) 0.50 ± 0.01 –5.42 ± 0.03 0.37 0.92 0.86
M 83 (limited) 0.58 ± 0.02 –4.93 ± 0.08 0.20 0.94 0.86
NGC 4038/9 0.40 ± 0.02 –6.04 ± 0.05 0.40 0.56 0.80

x ⌘ ⌃FUV+22
SFR /M� yr�1 kpc�2

NGC 891 0.94 ± 0.02 –6.31 ± 0.04 0.22 0.87 0.94
M 51 1.07 ± 0.02 –6.09 ± 0.04 0.14 0.94 0.92
M 83 (all) 0.71 ± 0.01 –7.27 ± 0.01 0.28 0.87 0.93
M 83 (limited) 1.04 ± 0.02 –6.71 ± 0.04 0.19 0.78 0.74
NGC 4038/9 0.84 ± 0.03 –7.22 ± 0.05 0.22 0.65 0.79

x ⌘ ⌃FUV+24
SFR /M� yr�1 kpc�2

NGC 891 0.72 ± 0.01 –6.59 ± 0.02 0.35 0.87 0.91
M 51 0.90 ± 0.02 –6.29 ± 0.03 0.14 0.92 0.90
M 83 (all) 0.66 ± 0.01 –7.19 ± 0.01 0.33 0.87 0.92
M 83 (limited) 0.86 ± 0.01 –6.79 ± 0.02 0.16 0.81 0.87
NGC 4038/9 0.52 ± 0.02 –7.52 ± 0.03 0.39 0.88 0.84

Notes. We also state the scatter in dex (�), Spearman (⇢S), and Pearson
(⇢P) coe�cients. For M 83, the limited case excludes the central pixels
(log10 F24(W m�2 sr�1) > �4.4).

flux from Galaxy Evolution Explorer (GALEX, Martin et al.
2005) observations and mid-IR flux from Wide-field Infrared
Survey Explorer (WISE, Wright et al. 2010) 22 µm maps (both
convolved and rescaled to match the resolution and pixel size of
the [Nii] map), in order to correct the UV for dust attenuation
independent of the MIPS 24 µm data. However, we also exam-
ined the trends using the SFR based on the 24 µm data, ⌃FUV+24

SFR ,
and note, as previously observed by Lee et al. (2013), very little
di↵erence between the two tracers.

In the right panels of Fig. 1, we compare the [Nii] 205 µm
line emission to the SFR surface density, ⌃FUV+22

SFR . Remarkably,
the [Nii] emission correlates with the SFR in a similar fash-
ion as the observed 24 µm flux density in all five galaxies (cf.
the middle and right columns). Again, we find that the relations
for the discs of NGC 891 and M 51 are similar, yet M 83 and
NGC 4038/9 have shallower slopes (see Table 1). Interestingly,
the former two objects form a relation lying almost parallel
to that seen for the integrated galaxy quantities in Zhao et al.
(2013), whereas NGC 4038/9 and the central regions of M 83
have much higher SFRs than their [Nii] line emission would sug-
gest (see also Fig. 8 of Wu et al. 2015).

Perhaps the fact that the [Nii]– ⌃SFR correlation di↵ers in the
cases of M 83 and NGC 4038/9 compared to the other two nor-
mal star-forming galaxies is not so surprising, for the following
reasons. Firstly, the centre of M 83 is atypical in that it exhibits
a double nucleus in addition to a nuclear starburst (see Wu et al.
2015, and references therein). The higher SFRs driven by the
starburst partly govern the slope of best-fit [Nii] 205 – ⌃SFR re-
lation; omitting the central nine pixels covering the nucleus and
bar from the linear regression uncovers a best-fit line with a slope
similar to that found for the other two galaxies (see the grey lines
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in Fig. 1k). Similar to the nucleus of M 83, the Antennae galaxies
also exhibit high SFRs, likely from merger-triggered star forma-
tion: estimates suggest a stellar mass of ⇠2.5 ⇥ 108 M� has been
formed in ⇠7 ⇥ 106 years (Fischer et al. 1996). Secondly, the
SPIRE FTS observations of NGC 891 and M 51 cover a greater
fraction of the star-forming regions as traced by the 24 µm emis-
sion than those of M 83, where nearly 40% of the pixels cover the
inter-arm regions with lower levels of star formation (see Fig. 1,
left column). We can only speculate that a hypothetical increase
of the spatial coverage of the M 83 observations to include more
of the spiral arms/star-forming disc (and still omitting the nu-
cleus) would yield a [Nii] 205�SFR relationship with slope and
scatter similar to the other two galaxies.

4. Discussion

We have shown that the [Nii] 205�24 µm emission correlation
is present in nearby face-on star-forming discs, indicating the
relationship is unlikely to be an artefact arising from line-of-
sight projection e↵ects and lending credence to the notion of a
physical origin. In addition, a preliminary analysis of VNGS tar-
get NGC 2403 yields similar results (Hughes et al., in prep.).
At present, the strong correlation between the [Nii] emission
and the star formation rate surface density, which is traced with
two independent measures of the mid-IR continuum, suggests
that the recent star formation history is driving this empirical
relation.

The limitations of this analysis are clear. Firstly, as
mentioned in Hughes et al. (2015), despite the high quality of
observations of the far-infrared, fine-structure lines made pos-
sible by the Herschel Space Observatory, which enable us to
resolve features on sub-kiloparsec scales, one of the main re-
strictions was the relatively sparse coverage and low spatial res-
olution of the [Nii] 205 µm line. There is also uncertainty in the
SFR calibration. The FUV emission predominately traces mas-
sive (M > 10�15 M�) stars that typically survive for <30 Myr,
whereas the 22 and 24 µm emission traces mostly dust in Hii
star-forming regions, which probes lower mass (⇠4 M�) stars
with lifetimes of a few hundred Myr on the main sequence. Thus,
these two quantities both probe di↵erent timescales of recent star
formation (see Kennicutt & Evans 2012). Di↵erent star forma-
tion histories for di↵erent regions leads to changes in the rela-
tive importance of the FUV and the 22 or 24 µm emission, and
therefore may produce regional variations in the calibration (e.g.
Boquien et al. 2014). Further complications arise when consider-
ing that asymmetric migration of photoionizing stars <4 Myr in
age from their birth sites in spiral density waves may introduce a
spatial o↵set in UV emission and 24 µm emission (see Fig. 8 in
Jones et al. 2015), and that stochastically heated dust associated
with Hi gas also emits in the 22 µm band (see e.g. Eufrasio et al.
2014).

Momentarily casting these issues aside, the fact remains that,
if we adopt the correlations found in the cases of NGC 891 and
M 51, then the higher star formation rates in NGC 4038/9 and
the centre of M 83 associated with a nuclear starburst would
be under-predicted by the observed [Nii] 205 µm line flux.
Practically, the [Nii] 205 µm line is not an ideal SF tracer. This
raises the question of by what mechanism(s), or under which
physical conditions, does the [Nii] 205 µm line cease to be a
tracer of star formation and/or the underlying nature of the cor-
relation change. One possible explanation arises when we con-
sider that heating in ionized gas is mainly due to photoionization,
and, therefore, depends strongly on the critical electron density
and the ionization parameter, U. This parameter is defined as the

Fig. 2. Far-infrared colour ⌫F⌫(70 µm)/⌫F⌫(160 µm) versus the ratio of
the [Nii] emission in W m�2 sr�1 to the SFR in M� yr�1 kpc�2 for each
galaxy, where points represent the median in bins along the abscissa of
width indicated by the error bars.

dimensionless ratio of the number density of incident ionizing
photons to the number density of hydrogen nuclei. Theoretical
models predict that IR colours can act as approximate tracers
of U, whereby log U increases with the IR colour (see e.g. the
⌫F⌫(60 µm)/⌫F⌫(100 µm) colours in Abel et al. 2009).

In Fig. 2, we plot the ⌫F⌫(70 µm)/⌫F⌫(160 µm) FIR colour2

versus the ratio of the [Nii] emission (in W m�2 sr�1) to the
SFR (in M� yr�1 kpc�2) for each galaxy. The range and mean of
the FIR colour is evidently similar for the normal star-forming
discs, except for a clear o↵set in the FIR colour of M 83 and
NGC 4038/9, which coincides with low [Nii] emission per
SFR values. Similar trends emerge when alternatively using the
70/250 and 160/250 µm FIR colours. Our observations suggest
that the ionization parameter is much higher in these regions
compared to the rest of the M 83 galaxy and the other two discs.
Therefore, we expect higher ionization lines (e.g. [Niii] 57 µm)
to play a greater role in the cooling of the gas, which could also
partly explain the lower F[NII]205/⌃SFR ratios. It is also possible
that dust obscuration becomes more e↵ective in more compact
star-forming regions (e.g. at increasing FIR colour), such that
more ionizing photons go towards dust heating instead of gas
heating leading to a decreasing [Nii]/⌃SFR ratio (see Díaz-Santos
et al. 2013). Furthermore, the Zhao et al. (2013) [Nii] 205 – SFR
relation was defined based on observations of LIRGS, which are
known to have strong ionization parameters (e.g. Petric et al.
2011), so it may not be so surprising that the M 83 nucleus with
its high U falls on this relation (as found in Wu et al. 2015) in
contrast to the behaviour observed in regions with low values of
the ionization parameter.

From these results, we attempt to derive a general relation
between the [Nii] 205 µm line flux density and star forma-
tion rate for main-sequence star-forming galaxies. We first dis-
card regions with very high (>0.2, see Fig. 2) 70/160 µm FIR
colours, which in practice is equivalent to omitting pixels where
log10 F24(W m�2 sr�1) > �5.1 (cf. Fig. 1g and 1h), and exam-
ine the ⌃SFR–F[NII]205 correlations for all galaxies (see Fig. 3).

2 Homogeneous VNGS Herschel PACS and SPIRE photometric maps
are available on HeDaM at http://hedam.lam.fr/VNGS/data.php
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Fig. 3. The ⌃SFR – F[NII]205 correlation superimposed on the predictions
from the Starburst99 model. For varying values of ", the dashed lines
correspond to a stellar population with a constant SFR and td = 2 Myr,
and solid lines correspond to td � 20 Myr. The dash-dotted line is the
best-fitting linear relation from the M 51 and NGC 891 data.

Simply combining all the data to define an average relation is
prevented by the aforementioned o↵set in the individual galaxy
relations. To interpret this o↵set, we use the Starburst99 stellar
population synthesis code (Leitherer et al. 1999) to model the
⌃SFR–F[NII]205 relation following the approach of Herrera-Camus
et al. (2015), who consider that gas heating by FUV photons
emitted from star-forming regions relate to gas cooling from the
[Nii] line via the photoelectric e↵ect in PAHs and dust grains. In
brief, we assume a stellar population with a constant SFR over
100 Myr and solar metallicity3 and adopt the Geneva evolution-
ary tracks (zero rotation) and Kroupa initial mass function. From
the resulting spectrum, given as a function of the duration of the
star formation episode, td, we integrate across the energy range
of photons that dominate the dust grain photoelectric heating,
specifically 6 < E� < 13.6 eV. The product of the fraction of
these FUV photons responsible for the photoelectric heating of
dust grains and the photoelectric heating e�ciency of the dust
gives the overall heating e�ciency, ", which we vary between
0.1 and 3% to estimate the amount of gas heating. We further
assume that the cooling of the gas is typically dominated by the
[Cii] transition and that the [Cii]/[Nii]205 line ratio theoretically
varies around ⇠4 for a range of electron densities (see Oberst
et al. 2006). The [Nii] and FUV flux densities are then related
by F[NII] ⇠ 0.25 " FFUV(td) for a given ⌃SFR.

Comparing the model predictions to the observations in
Fig. 3, we find the vast majority of regions in NGC 891 and
M 51 may have been actively forming stars for td � 20 Myr
with " between 1 and 3%. As a result of the model degeneracy
between td and " (see Herrera-Camus et al. 2015 for details),
M 83 and NGC 4038/9 exhibit a stellar population with either a
star formation duration of td � 20 Myr and " . 1% or more re-
cent star formation episodes of td = 2 Myr and " between 1 and
3%. This suggests that these two galaxies also possess regions
with higher SFRs from recently triggered star formation, likely
due to the merger (NGC 4038/9) or central starburst (M 83), as

3 For Z = 0.2 Z�, the y-intercepts of the model lines in Fig. 3 increase
by a factor of 0.01 (i.e. lines shift upwards).

we discuss above. We thus combine the NGC 891 and M 51 data,
representing normal star-forming regions, to define the best-fit
relation as

log10 ⌃SFR = (0.79 ± 0.05) log10 F[NII]205 + (4.60 ± 0.05), (2)

which is valid in the ranges of �8.9 < log10 F[NII]205 < �7.5
and �2.4 < log10 ⌃SFR < �1.2, where the units are as stated
previously. The scatter, defined as the standard deviation of the
residuals between the observed and predicted ⌃SFR, is ±0.10 dex.
A similar yet o↵set relation to Eq. (2) is formed by M 83 and
NGC 4038/9 with a gradient m of 0.69 ± 0.05, y intercept of
4.38 ± 0.05 and a 0.16 dex scatter. We stress, however, all of the
caveats and issues we mention above, especially the small sam-
ple size, that should be considered when using these relations for
estimating the star formation rate.

5. Conclusions

In this paper, we aimed to test whether the [Nii] 205 – 24 µm
emission correlation observed in NGC 891 arises from line-
of-sight projection e↵ects in an edge-on disc. Using Herschel
and Spitzer observations of two nearby face-on galaxies, M 51
and M 83, and the interacting Antennae galaxies NGC 4038 and
4039, we have shown that not only is this empirical relationship
also observed in face-on galaxies, but also that the correlation
appears to be governed by the star formation rate (SFR). Both
the nuclear starburst in M 83 and the merger-induced star forma-
tion in NGC 4038/9 exhibit less [Nii] emission per unit SFR sur-
face density than the normal star-forming discs. These regions of
intense star formation exhibit stronger ionization parameters, as
traced by the 70/160 µm far-infrared colour. The stronger ioniza-
tion parameters suggest the presence of higher ionization lines
that may become more important for gas cooling, thereby re-
ducing the observed [Nii] 205 µm line emission in regions with
higher star formation rates. Alternatively, dust obscuration may
become more e↵ective in more compact star-forming regions,
meaning more ionizing photons go towards dust heating instead
of gas heating. We used a simple model based on Starburst99 to
predict the ⌃SFR–F[NII]205 relation; we found that regions with
more recent star formation in the merging Antennae galaxies
NGC 4038/9 and the central starburst in M 83 likely cause the
o↵sets in [Nii] emission per unit SFR surface density found be-
tween these galaxies and the normal star-forming discs. Finally,
we present a general relation between the [Nii] 205 µm line flux
density and star formation rate for main-sequence star-forming
galaxies.

Clearly, future studies should seek to analyse spatially
resolved observations of other FIR lines (e.g. [Nii] 122,
[Ci] 370 µm) for a larger sample that includes not only central
regions of galaxies, but also sites of star formation along the spi-
ral arms. Although observations of [Nii] 205 µm can be followed
up over a large redshift range by facilities such as NOEMA and
ALMA, which can observe the line emission at z ⇠ 0.6 in band-
10 and at z ⇠ 3.2 in band-7, care should be taken in the use of
the line as a star formation tracer given the apparent dependency
of the local [Nii] emission on the ionization parameter.
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