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ABSTRACT

Narrow-line Seyfert 1 galaxies (NLS1s) are an interesting subclass of active galactic nuclei (AGN), which tipically does not exhibit
any strong radio emission. Seven percent of them, though, are radio-loud and often show a flat radio-spectrum (F-NLS1s). This, along
to the detection of γ-ray emission coming from them, is usually interpreted as a sign of a relativistic beamed jet oriented along the line
of sight. An important aspect of these AGN that must be understood is the nature of their parent population, in other words how do
they appear when observed under different angles. In the recent literature it has been proposed that a specific class of radio-galaxies,
compact-steep sources (CSS) classified as high excitation radio galaxies (HERG), can represent the parent population of F-NLS1s.
To test this hypothesis in a quantitative way,in this paper we analyzed the only two statistically complete samples of CSS/HERGs and
F-NLS1s available in the literature. We derived the black hole mass and Eddington ratio distributions, and we built for the first time the
radio luminosity function of F-NLS1s. Finally, we applied a relativistic beaming model to the luminosity function of CSS/HERGs,
and compared the result with the observed function of F-NLS1s. We found that compact steep-spectrum sources are valid parent
candidates and that F-NLS1s, when observed with a different inclination, might actually appear as CSS/HERGs.

Key words. galaxies: Seyfert – galaxies: jets – galaxies: luminosity function, mass function – quasars: emission lines –
quasars: supermassive black holes

1. Introduction

Since their first designation as a subclass of active galactic nu-
clei (AGN) in 1985 (Osterbrock & Pogge 1985), narrow-line
Seyfert 1 galaxies (NLS1s) represented a source of new insights.
By definition these AGN have a relatively low full width at
half maximum (FWHM) of the permitted lines, specifically a
FWHM(Hβ) < 2000 km s−1 and a flux ratio of [O III]/Hβ <
3 (Osterbrock & Pogge 1987; Goodrich 1989). Moreover, the
presence in the optical spectrum of strong Fe II multiplets shows
that the broad-line region (BLR) of these AGN is directly visible.
The narrowness of the permitted lines cannot therefore be inter-
preted as due to obscuration, but instead to a low rotational ve-
locity around a relatively low mass central black hole (106−8 M�,
Mathur 2000). This low black hole mass, along with the high Ed-
dington ratio (Boroson & Green 1992), is sometimes interpreted
as a consequence of the young age of these sources (Grupe 2000;
Mathur 2000). Therefore, NLS1s may be rapidly growing AGN
and, if so, they are an excellent proxy to test the evolution of
galaxies at low redshifts.

Although they are typically radio-quiet, a fraction of NLS1s
are actually radio loud (7%) or even very radio loud (2.5%,
Komossa et al. 2006). Few of these exhibit some extreme

properties similar to those of blazars, such as flat radio spec-
tra (αν ≤ 0.5, with Fν ∝ ν

−αν ) and high brightness temperatures
(Yuan et al. 2008). After the discovery of γ-ray emission coming
from these sources and detection by the Fermi Gamma-ray Space
Telescope (Abdo et al. 2009a,b,c; Foschini et al. 2010), NLS1s
became the third class of γ-ray emitting AGN with a relativis-
tic beamed jet, in addition to BL Lacs and flat spectrum radio
quasars (FSRQs).

According to the unified model of radio-loud AGN, for each
highly beamed source there are about 2Γ2 misaligned sources
(Γ is the bulk Lorentz factor of the jet), also known as the parent
population. In particular, the parent populations of BL Lacs and
FSRQs are thought to be FRI and FRII radio galaxies, respec-
tively (Urry & Padovani 1995), even though some exceptions are
known (Kollgaard et al. 1992; Antonucci 2002). In a more re-
cent and less biased picture, the reviewed association with par-
ent sources is between BL Lacs and low excitation radio-galaxies
(LERG), and between FSRQs and high excitation radio galaxies
(HERG; Giommi et al. 2012). An akin picture for flat-spectrum
radio-loud NLS1s (F-NLS1s) is not yet well established.

An initial hint regarding the parent population was provided
by Foschini (2011, 2012), who first proposed steep-spectrum
radio-loud NLS1s (S-NLS1s) as parent sources. This hypothesis
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was further supported by Berton et al. (2015), although a possi-
ble problem of numerical consistency was also pointed out, since
the known S-NLS1s seem to be too few to represent the whole
parent population. It is however possible that there is no need to
include anything else in the parent population beside S-NLS1s.
A GHz selected sample might show a lack of misaligned sources
because the relativistic beaming increases the luminosity, and
hence the visibility, of beamed sources. An example for this is
shown by Urry & Padovani (1995). In their study on the radio lu-
minosity functions (LFs), the observed densities of FSRQs and
steep-spectrum radio-quasars (SSRQs) at 2.7 GHz are roughly
the same, so one could expect the number of observed beamed
and misaligned sources to be the same for NLS1s as well.

Alternatively the lack of sources might be real and could be
explained with two different hypotheses (Foschini et al. 2010;
Foschini 2011). The first hypothesis is based on the fact that the
radio morphology of F-NLS1s is extremely compact on a par-
sec scale (e.g., Doi et al. 2011). Young sources, such as NLS1s,
might have not developed radio lobes yet. The radio emission
might be then strongly collimated and, when observed at large
angles, the source would be invisible for present day observa-
tories, appearing as a radio-quiet NLS1s (RQNLS1s). Another
hypothesis is instead based on a different assumption on the na-
ture of NLS1s. Some authors suggest that the narrowness of the
permitted lines might be only an apparent effect (Decarli et al.
2008; Shen & Ho 2014). If the BLR has a disk-like shape, when
observed pole-on the permitted lines would show little rotational
Doppler broadening, and would appear narrower than at higher
inclination. The NLS1s would then be nearly pole-on AGN. In-
creasin their observing angle instead, the permitted lines would
become broader, and the source might appear as a broad-line or
a narrow-line radio-galaxy (BLRG/NLRG), whether the line of
sight intercepts the torus or not. Typically, NLS1s are hosted in
disk-like galaxies (Crenshaw et al. 2003). If the host galaxy is
also the same for F-NLS1s, the parent source would be disk-
hosted BL/NLRG. These hypotheses were also investigated by
Berton et al. (2015), who suggested that disk RGs with high
Eddington ratio and low black hole mass may be parent sources,
while RQNLS1s are not very good candidates.

There is, in any case, another possibility that must be con-
sidered. If radio lobes are lacking, RQNLS1s belong to the par-
ent population, but lobes might instead only be developed on
small scale. In this case, the source could appear as a compact
steep spectrum object (CSS). The CSS represent an important
portion of radio sources, showing a radio spectrum peaked at
∼100 MHz and radio-jets entirely within the host galaxy (see
the review by O’Dea 1998). Often they are thought to be closely
connected with Gigahertz peaked-spectrum sources (GPS), and
a widely used theory to explain their nature is the youth scenario
(Fanti et al. 1995). Their age was determined in several ways,
and found to be less than 105 yr (Owsianik & Conway 1998;
Murgia et al. 1999). Their jets already developed radio lobes,
and are typically still crossing the interstellar medium and inter-
acting with it (e.g., Morganti et al. 2015, and references therein).
As radio galaxies, they can be classified as HERG or LERG ac-
cording, for example, to the ratio [O III]/Hα (Laing et al. 1994).
The main difference between these classes is likely the accretion
mechanism onto the black hole, with HERGs showing typically
a more efficient accretion process (Hardcastle et al. 2007).

A link between NLS1s and CSS was suggested by many
authors (Oshlack et al. 2001; Komossa et al. 2006; Gallo et al.
2006; Yuan et al. 2008; Caccianiga et al. 2014; Gu et al. 2015;
Schulz et al. 2016). All the characteristics of NLS1s indeed
closely recall those of CSS. As previously mentioned they

are often considered young sources and at the same time
their jet, when present, appears to interact with the medium
(Marziani et al. 2003; Komossa et al. 2006). RLNLS1s can be
classified as HERG, having an efficient accretion mechanism
and strong high-ionization lines. Therefore CSS/HERGs might
be part of their parent population under the assumption that ra-
dio lobes are already developed in RLNLS1s.

The aim of the present work is to study whether CSS/HERGs
are suitable to be the parent population of F-NLS1s or not. The
paper is organized as follows: in Sect. 2 we present the samples
selection; in Sect. 3 we describe the black hole mass and Ed-
dington ratio analysis; in Sect. 4 we present the V/Vmax test for
the samples; in Sect. 5 we build the luminosity functions and
study the incidence of relativistic beaming; in Sect. 6 we dis-
cuss our results; and, finally, in Sect. 7 we briefly summarize our
work. Throughout this work we adopt a standard ΛCDM cos-
mology with H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7
(Komatsu et al. 2011).

2. Samples

2.1. NLS1s

Complete samples are required to carry out a reliable compar-
ison between F-NLS1s and the putative parent population. The
NLS1s sample must also have measured spectral indices, to se-
lect only flat-spectrum sources without including any S-NLS1s.
The largest sample in the literature that meets our requirements is
that of Yuan et al. (2008). It includes 23 very radio-loud NLS1s,
and 21 out of 23 spectral indices are known. Their sample was
selected from SDSS DR5, looking only for those sources whose
radio loudness, calculated using the 1.4 GHz flux density, is
above 100 at z < 0.8. The sample includes 15 flat-spectrum
sources and 2 with unknown spectral index.

The Yuan sample should be statistically complete, because
it is drawn from the already complete sample of Zhou et al.
(2006). In any case, we independently tested its completeness.
We first notice that Foschini et al. (2015), whose sample was se-
lected with an accurate search in the literature, found all the very
radio-loud objects in DR5 already included in the Yuan sam-
ple. The cumulative distribution of sources as a function of red-
shift nevertheless shows a flattening close to the upper z limit.
This flattening in the distribution is likely caused by the lack
of classification. The signal to noise ratio (S/N) of the optical
spectra worsen with increasing distance, and even if very radio-
loud sources typically have bright optical lines (such as [O III],
e.g. de Bruyn & Wilson 1978), a correct classification is very
difficult.

We tried to avoid this problem considering that the quasars
distribution in SDSS appears to be complete up at 94.6% up to
magnitude i < 19.1 (Richards et al. 2002). In the Yuan sample,
all the flat-spectrum sources but one match this magnitude cri-
terium when z < 0.6. We therefore decided to use this threshold
as the upper redshift limit for our sample. This allows us to have
a good degree of completeness in our sample. Using these crite-
ria, 13 F-NLS1s remain. We also consider one more source with
undetermined spectral index, which meets the redshift criterion,
to test the stability of our results.

2.2. High excitation radio galaxies

Our aim was to find CSS sources classified as HERGs, so we
searched again in the literature for a suitable sample. We decided
to use that of Kunert-Bajraszewska et al. (2010), who selected a
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sample of 44 low-luminosity compact objects with a radio lumi-
nosity at 1.4 GHz lower than 1026 W Hz−1 (in a cosmology with
H0 = 100 km s−1 Mpc−1 and q0 = 0.5). In addition to this crite-
rion, these sources have a flux density 70 mJy ≤ S 1.4 GHz ≤ 1 Jy
and a radio spectral index αν > 0.7 between 1.4 and 4.85 GHz.
Their radio-selected sample was later cross-matched with the
SDSS DR7 spectroscopic archive, finding 29 sources at z < 0.9
(Kunert-Bajraszewska & Labiano 2010). Ten of these sources
were classified as LERG, 12 as HERG, and 7 remained unclassi-
fied because they had a S/N . 3. We tested the completeness of
this sample as before. As in the F-NLS1s sample, the cumulative
distribution finds a drop in the source counts above z ∼ 0.6. Be-
low this threshold, only one source is above the SDSS complete-
ness limit of 19.1 mag. Therefore we decided to use the same
limits again, this time considering only ten sources. Since both
samples have the same redshift limit and they both have a lower
limit in flux, including only bright radio sources, the comparison
between them should be relatively unbiased.

2.3. Control sample

As a control sample for the luminosity function, we decided to
use the sample of 50 FSRQs used by Padovani & Urry (1992),
which in turn are drawn from the work of Wall & Peacock
(1985). The sources have a flux density above 2 Jy at 2.7 GHz,
and Galactic latitude |b| > 10◦. They also have a spectral index
αν ≤ 0.5 between 2.7 and 5 GHz, and they were not classified as
BL Lacs by Stickel et al. (1991). Padovani & Urry (1992) added
one more source to the Wall & Peacock (1985) sample, because
of its high optical polarization.

3. Black hole mass

An important step to understand the relation between
CSS/HERGs and F-NLS1s is to compare their black hole masses
and Eddington ratio. Both these values were recently calcu-
lated for all our F-NLS1s by Foschini et al. (2015), therefore
we adopt their values for our study. For CSS/HERGs we ob-
tained the optical spectra from SDSS DR12. All of these sources
were of type 2 or intermediate type AGN, therefore we could
not use permitted lines to derive the black hole mass because
the BLR is obscured. We then followed the procedure described
by Berton et al. (2015) for type 2 and intermediate sources, de-
riving the stellar velocity dispersion σ∗ from the width of the
[O III] lines core component. Once the blue wing is removed,
the core component of [O III] should indeed be less affected by
the jets/ISM interaction and typically dominated by the gravi-
tational potential of the bulge stars (Greene & Ho 2005). This
method provided good approximations for black hole mass both
in elliptical- and disk-hosted radio galaxies. To obtain the bolo-
metric luminosity, we used Eq. (7) of Berton et al. (2015), i.e.,

log
(

Lbol

erg s−1

)
= (7.54 ± 9.07) + (0.88 ± 0.22) log

(
L[OIII]

erg s−1

)
· (1)

The results are shown in Table 1. The logarithmic mean mass
value for HERGs is 7.78 with a standard deviation of 0.66, while
for F-NLS1s is 7.68 with a standard deviation of 0.44. The me-
dian values are 7.84 and 7.73, respectively. It is evident that the
two distributions are very similar. We compared them by means
of the Kolmogorov-Smirnov test (K-S). The null hypothesis is
that the two distributions are originated from the same popula-
tion. The rejection threshold for the K-S throughout this work is
a p-value lower than 0.05. In the case of HERGs and F-NLS1s,

Table 1. HERGs parameters.

SDSS Name log MBH log Lbol log Edd
SDSS J002833.42+005510.9 8.94 44.1 −2.96
SDSS J075756.71+395936.0 7.13 43.77 −1.52
SDSS J084856.57+013647.8 7.05 44.41 −0.74
SDSS J092607.99+074526.6 7.28 44.93 −0.47
SDSS J094525.90+352103.5 7.23 44.48 −0.85
SDSS J114311.01+053516.1 8.84 45.08 −2.0
SDSS J115727.61+431806.3 7.68 44.67 −1.1
SDSS J140416.35+411748.7 7.96 43.88 −2.22
SDSS J140942.44+360415.8 8.24 43.82 −2.52
SDSS J164311.34+315618.4 7.44 45.39 −0.17

Notes. Columns: (1) object SDSS name; (2) logarithm of the black
hole mass in M�; (3) logarithm of the bolometric luminosity in erg s−1;
(4) logarithm of the Eddington ratio.

we found a p-value of 0.95, thereby not allowing us to reject the
null hypothesis. To directly compare this result with those found
for other parent candidates by Berton et al. (2015), we also eval-
uated the product

P = Dn

√
nm

n + m
, (2)

where Dn is the deviation between the cumulative distributions
and n and m are the number of elements in each sample. This
value is useful to test the distance between the samples. A low
value indicates that the null hypothesis can be rejected in the
two samples. In our case this value is equal to 0.52, and the
CSS/HERGs sample appears to be the closest to F-NLS1s and
even closer than S-NLS1s.

The Eddington ratio distributions are also fairly close (K-S
p-value 0.17, the null hypothesis is again the two distributions
originated from the same population). The logarithmic median
Eddington ratio is −1.31 for CSS/HERGs and −1.05 for F-
NLS1s with a standard deviation of 0.89 and 0.23, respectively.
These values are comparable to those of other NLS1s classes, but
it is worth noting that the CSS/HERGs sample shows some out-
liers with lower accretion luminosities, hence a larger standard
deviation. All these values are shown in Fig. 1 along with two
more classes of sources already studied by Berton et al. (2015),
namely, disk-hosted and elliptical-hosted radio-galaxies.

The good overlap in mass between F-NLS1s and
CSS/HERGs is visible and we also point out that disk
RGs have a similar mass distribution to CSS/HERGs (K-S
p-value 0.15). On the contrary, the black hole mass of elliptical
radio-galaxies is much larger. The K-S confirms this difference
providing a p-value of 3 × 10−3, which allows us to reject the
null hypothesis of the two distributions originated from the
same population.

4. V/Vmax test

Another step to understand the relation between these sources is
to check whether evolution is present in our samples or not. An
useful tool to test evolution is the so-called V/Vmax test (Schmidt
1968). By definition, Vmax is the volume within which a source
of luminosity L can be detected, while V is the spherical volume
associated with each source. The luminosity of a source of de-
tected flux F is L = 4πd2F, where d is the luminosity distance. If
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Fig. 1. Logarithm of the BH mass vs. logarithm of the Eddington ra-
tio. Black squares indicate F-NLS1s, red circles indicate CSS/HERGs,
blue triangles indicate disk-hosted radio-galaxies and green stars indi-
cate elliptical-hosted radio galaxies. The points of these last two sam-
ples are derived from Berton et al. (2015).

the flux detection limit is Fmin, the source can be detected up to

dmax =

√
L

4πFmin
(3)

which corresponds to a redshift zmax. For a nonevolving popu-
lation, the ratio between the spherical volume V , corresponding
to the object redshift and Vmax, is expected to be uniformly dis-
tributed between 0 and 1 with an average value 〈V/Vmax〉 = 0.5.
When 〈V/Vmax〉 > 0.5, the population is positively evolving with
more (or more luminous) sources located at larger distances. If
conversely 〈V/Vmax〉 < 0.5, the sample is negatively evolving.

To evaluate Vmax for each object, we used as dmax the
smaller value between those derived from the radio detection
limit (1 mJy for F-NLS1s, 70 mJy for CSS/HERGs, and 2 Jy
for FRSQs), the spectroscopic limit for quasars in SDSS DR7
(19.1 mag) and the redshift upper limit of each sample, z = 0.6.
The CSS/HERGs sample has also an upper flux limit, which
translates into a lower redshift limit zmin. Therefore in this case
we used the modified version of the test over the accessible vol-
ume Va (Avni & Bahcall 1980), which is defined as

V
Va

=
V − Vmin

Vmax − Vmin
, (4)

where Vmin is the inaccessible inner part of the comoving volume
due to zmin and V is the comoving volume of each source. The
associated error in the V/Vmax test is σ = 1/

√
12N, where N

is the number of sources in each sample. To calculate both the
luminosity distance from redshift and the comoving volume, we
used the Cosmolopy tool developed for Python1.

The results are summarized in Table 2. The control sam-
ple of FSRQs shows a strong positive evolution at 5σ. This re-
sult is in agreement with that found by Padovani & Urry (1992)
and many other authors. Indeed, FSRQs are known for having

1 http://roban.github.com/CosmoloPy/

Table 2. Results of the V/Vmax test.

Sample N V/Vmax σ d K-S
F-NLS1 13 0.55 0.08 0.63 0.52
F-NLS1* 14 0.58 0.08 1.00 0.26
HERG 10 0.54 0.09 0.44 0.72
FSRQ 50 0.70 0.04 5.00 2 × 10−9

Notes. The results for F-NLS1s are showed in two different ways: with
or without 1 source with unknown spectral index. The former are in-
dicated with an asterisk. Columns: (1) sample; (2) number of sources;
(3) result of the test; (4) associated error with the test; (5) distance from
uniform distribution in σ units; (6) K-S test p-value against uniform
distribution.

a strong evolution with time. Conversely, the V/Vmax result is
consistent with the uniform distribution at 1σ for both F-NLS1s
and CSS/HERGs. In particular the result for F-NLS1s does not
change whether the two sources with undetermined spectral in-
dex are included or not. This is an indication that, at least up to
z = 0.6, these sources do not have a strong evolution.

We performed a K-S test between the observed V/Vmax dis-
tributions in our sample and the theoretical uniform distribution.
The null hypothesis is that the observed distribution is drawn
from a uniform distribution. As reported in Table 2, the test con-
firms all the previous results, showing that the only sample where
the null hypothesis is rejected is the FSRQs sample. Therefore,
while the luminosity function of FSRQs is corrected for evolu-
tion and reported to z = 0, those of F-NLS1s and CSS/HERGs
are not.

5. Luminosity functions

5.1. Method

The luminosity function (LF) describes the volumetric density of
sources as a function of their luminosity. For flux-limited sam-
ples the LF is computed as in Peterson (1997)

Φ(L) =
1

∆L
4π
A

∑
Li∈(L±∆L/2)

1
Vmax(L)

, (5)

where ∆L is the width of the luminosity bin, and A is the area
of sky covered by the samples. In our cases, the area covered
both by the DR5 and FIRST is ∼1/7 of the whole sky, while the
common area between DR7 and FIRST is ∼1/6.

To compute the LF we divided the sources in bins of lumi-
nosity (L − ∆L/2, L + ∆L/2). In those samples that have a lower
redshift limit, instead of Vmax we used the accessible volume Va.
We assume that the only source of uncertainty in the LF is the
error on the number counts per bin, hence we assumed a Pois-
sonian statistics. The Poissonian statistics is not symmetric for
small values (N . 10); to evaluate the errors in the low statistic
limit we used the values from Gehrels (1986).

Our aim was to determine the radio LF for each sample. We
then calculated the luminosity at 1.4 GHz for each source from
the peak flux of the FIRST survey. We performed a K-correction,
using all the spectral indices we found in the literature. For
the only F-NLS1 with unknown spectral index, we assumed a
flat spectrum (αν = 0). We divided the luminosities in bins of
0.25 dex for the control sample, since there were enough data to
fill each bin. In the other two cases, we used a binning of 0.5 dex
for F-NLS1s and of 0.75 dex for HERGs. The LFs were fitted
with a single power law

Φ(L) = KLα, (6)
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Fig. 2. Monochromatic radio luminosity function of FSRQs control
sample at 1.4 GHz. The dashed line is the best fit with a broken power
law.

where K is a constant and α the slope of the power law. In the
case of FSRQs, following Padovani & Urry (1992), we used a
broken power law in the form

Φ(L) =
Φb

(L/Lb)α + (L/Lb)β
, (7)

where Φb is the normalization factor, Lb is the break luminos-
ity, and α and β are the two slopes. In the FSRQs sample we
also applied a correction for luminosity evolution to bring each
source to z = 0. For this purpose, we assumed the same cosmo-
logical evolution found by Padovani & Urry (1992), exp (−T/τ),
where T is the lookback time and τ = 0.23 is the timescale of
evolution in units of Hubble time. Using the spectral indices we
also derived the 1.4 GHz flux for each FSRQ to enable a direct
comparison with the other samples. All fits were performed us-
ing the generalized least squares method. The results are shown
in Figs. 2 and 3 and summarized in Table 3.

To take into account the small size of F-NLS1s and HERGs
samples, we decided to provide a further estimate of the errors
using a Monte Carlo method. Starting from the observed lumi-
nosity functions, we generated two large samples of ∼3 × 105

simulated F-NLS1s and of 2 × 106 simulated HERGs, using the
same selection criteria of our samples. From these larger sam-
ples, we extracted a random number of F-NLS1s between 10
and 16, and a random number of HERGs between 7 and 13. We
then evaluated on these new samples the luminosity function.
This operation was repeated 1000 times. The simulated lumi-
nosity functions are plotted in light gray in Fig. 3. The spread in
slopes obtained is also reported in Table 3.

Our FSRQs LF is in agreement with that obtained by
Padovani & Urry (1992) when the cosmology they adopted is
used. In F-NLS1s, the inclusion in the LF of the two sources
with undetermined spectral index has a negligible impact, since
neither the slope nor the coefficient of the LF are significantly
affected (Table 3). In both cases, the scatter is fairly high, likely
because of the low statistic. The slope of HERGs is steeper than
that of F-NLS1s, which indeed have a nearly flat LF. In particu-
lar, the slope of F-NLS1s is close to that of FSRQs for luminosi-
ties below the break, even if the error on this slope is large. This
result becomes more evident when the LFs of F-NLS1s and FS-
RQs are shown together, as in Fig. 4. The two LFs are very close
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Fig. 3. Monochromatic radio luminosity functions at 1.4 GHz. Top
panel: F-NLS1s; bottom panel: HERGs. Dashed lines indicate the sin-
gle power law that is best fit. The light gray lines indicate the simulated
luminosity functions obtained via Monte Carlo method, as described in
the text.

in the region of 1043 erg s−1 and the LF of F-NLS1s appears to
be an extension of that of FSRQs at lower luminosities.

5.2. Relativistic beaming

In order to compare the beamed sources with their parent
population, we have to take into account the effect of beam-
ing on the LF shape. We then added the relativistic beaming
to the CSS/HERGs luminosity function. This cannot be car-
ried out analytically, as explained by Urry & Shafer (1984) and
Urry & Padovani (1991). We followed the procedure described
by Urry & Shafer (1984) for a single power law. In analogy with
that work, we defined as L the intrinsic luminosity, where L
is the observed luminosity. These two quantities are related via
L = δpL, where δ = [Γ(1 − β cos θ)]−1 is the kinematic Doppler
factor of the jet and the exponent is p = 3 + α, where α is the
intrinsic slope of the jet emission. The total flux emitted by the
source is given by L = (1 + f δp)Lu, where Lu is the unbeamed
luminosity and f is the ratio between the jet luminosity and un-
beamed luminosity. The model is then evaluated numerically via

Φ(L) =

∫
K
βγp

f 1/pLα−1
( L
L
− 1

)−(p+1)/p

dL. (8)
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Table 3. Parameters of the luminosity functions.

Sample Mod. log L1 log L2 log Lb log Φb log K α β
F-NLS1 PL 40.25 42.75 − − −1.91 ± 5.90 −1.17 ± 0.14 ± 0.48 −

F-NLS1* PL 40.25 42.75 − − −1.60 ± 5.90 −1.18 ± 0.14 ± 0.48 −

HERG PL 39.75 42.25 − − 20.96 ± 5.68 −1.71 ± 0.14 ± 0.41 −

FSRQ BPL 42.25 43.75 43.32 ± 0.47 −53.10 ± 1.34 − 1.61 ± 0.98 4.33 ± 2.00

Notes. The LF of F-NLS1s is showed in two different ways: with or without 1 source with unknown spectral index. The former is indicated with
an asterisk. Columns: (1) sample; (2) function used for the best-fit. PL for power law, BPL for broken power law; (3) logarithm of minimum
luminosity bin (erg s−1); (4) logarithm of maximum luminosity bin (erg s−1); (5) logarithm of luminosity break (erg s−1); (6) logarithm of the
luminosity function at the break (Mpc−3); (7) coefficient of the power law; (8) slope of the power law (slope below the break for broken power
law). The second error is that evaluated via Monte Carlo method; (9) slope above the break (for broken power law only).
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Fig. 4. Monochromatic radio luminosity functions of F-NLS1s and FS-
RQs at 1.4 GHz. The black squares indicate the F-NLS1s data points,
the blue triangles indicate the FSRQs data points. The blue dashed line
represents the broken power law best fit for FSRQs, and the black solid
line represents the single power law that is best fit for F-NLS1s.

We used p = 3.7 because the typical slope of a synchrotron
spectrum is α = 0.7. We also performed our calculations for
different values of f (0.01 ≤ f ≤ 1) and bulk Lorentz fac-
tor, 8 ≤ Γ ≤ 15, which are values already observed in γ-ray
emitting NLS1s (Abdo et al. 2009c; D’Ammando et al. 2012).
To evaluate the Doppler factor we assumed the angle to vary
between 0◦ ≤ θ ≤ θc, where θc is the critical angle for which
δ(Γ, f , θc) = 1. Therefore all the sources with inclination θ ap-
pear as F-NLS1s. In the case of a simple power law, the resulting
beamed LF is a broken power law.

We derived the maximum and minimum values allowable for
the data from the analytical error bars. The errors in the mod-
els of beamed LF are evaluated by refitting such maximum and
minimum values. These new fits were performed using the same
functions adopted for the previous fitting of the data. We then
added the relativistic beaming both to the best fit, the minimum,
and maximum fit. The resulting parent+beaming model is shown
in Fig. 5.

We evaluated the distance between the model and our data by
means of the reduced chi-squared, χ2

ν to test our results. The re-
sults are shown in Table 4. We report the χ2

ν of the model and the
lowest χ2

ν also considering the maximum and minimum curve.
We also evaluated the model for several values of bulk Lorentz
factor, to understand up to which values the model was still
acceptable. We must underline that our hypothesis of constant Γ
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Fig. 5. HERGs LF with relativistic beaming added for bulk Lorentz
factor Γ = 10 and ratio f = 1. Black solid line indicates the model; red
solid lines indicate the maximum and minimum values for the model.
Black circles show F-NLS1s data, black dashed line shows the F-NLS1s
LF best-fit, and blue dashed lines indicate the maximum and minimum
values for F-NLS1s LF. The light gray lines denote the simulated LFs
for F-NLS1s.

in all sources is likely unrealistic, and that a a power law distribu-
tion of Γ values is probably closer to reality (Lister & Marscher
1997; Liodakis & Pavlidou 2015). The inclusion of an additional
parameter in the analysis is not statistically justified, however,
given the large uncertainties on the observed LFs.

As shown in Fig. 5, the best-fit power law for F-NLS1s and
the model prediction are in good agreement, but there is a devi-
ation at lower luminosities. In particular, the slope of the model
in the region occupied by F-NLS1s is −1.52, while the slope of
the measured LF is −1.17. The values of χ2

ν are not very close
to 1, largely because of this deviation. We think that this dis-
crepancy is due to a selection effect. Our F-NLS1s sample in-
cludes only very radio-loud NLS1s, therefore the resulting lumi-
nosity function might be underestimated in the low-luminosity
region. Nevertheless, the beaming model and its errors are well
included in the region where the simulated luminosity functions
lies. Keeping all this in mind, the overlapping of the model with
the observed function is quite satisfactory.

In Table 4 we report the values of χ2
ν calculated with the dif-

ferent values of Γ and f . We highlight that the closest χ2
ν between

the model and data is observed in the sample which includes the
two sources with undetermined spectral index, for a ratio f = 1.0
and Γ = 10, which translates in a slope of the model of −1.52.
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Table 4. χ2
ν for the beaming model tested with different parameters.

Sample Γ f χ2
ν χ2

ν (max) χ2
ν (min)

HERG 10 1.0 1.95 8.0 3.85
HERG* 10 1.0 1.53 7.79 3.89
HERG 8 1.0 1.97 8.77 3.49
HERG* 8 1.0 1.55 8.61 3.53
HERG 15 1.0 2.67 7.45 5.35
HERG* 15 1.0 2.25 7.19 5.38
HERG 10 0.5 2.36 7.59 4.82
HERG* 10 0.5 1.94 7.35 4.86
HERG 10 0.1 4.12 8.72 6.39
HERG* 10 0.1 3.69 8.51 6.28
HERG 10 0.01 20.02 29.51 15.16
HERG* 10 0.01 20.42 30.84 14.89

Notes. The star indicates that the F-NLS1s sample also included the two
sources with unknown spectral index. Columns: (1) sample; (2) bulk
Lorentz factor of the jet; (3) ratio between beamed and diffuse emission
from the jet f ; (4) χ2

ν of the model; (5) χ2
ν of the maximum model; and

(6) χ2
ν of the minimum model.

This value of f is significantly higher than that observed in FS-
RQs, which is between 10−3−10−2 (Padovani & Urry 1992).

6. Discussion

6.1. Black hole mass

The first result that must be highlighted is that the black hole
mass distribution of CSS/HERGs is similar to that of F-NLS1s
with typical values between 107 and 108 M�. Also the Edding-
ton ratio is high, comparable to that of typical NLS1s, both radio
loud and quiet. This result is expected if NLS1s and CSS/HERGs
both have a radiatively efficient accretion mechanism, that is
similar to that of FSRQs.

The K-S test revealed that the distributions of these
quantities, both mass and Eddington ratio, in F-NLS1s and
CSS/HERGs might be drawn from the same population. The
most obvious interpretation of this result is that CSS/HERGs
might actually be misaligned F-NLS1s. Of course this result is
obtained for very small samples, so it must be taken with some
caution. In particular the masses of CSS/HERGs, as they are de-
rived using forbidden lines, must be considered only an upper
limit. If the narrow-line region is perturbed because of interac-
tion with the relativistic jet, the FWHM is indeed higher and
leads to an overestimate of the mass. Nevertheless our findings
are in good agreement with those of previous works, where the
similarity between CSS/HERGs and NLS1s was already pointed
out. For example Wu (2009b) found that a large number of
CSS/GPS have a black hole mass between 107.5 and 108 M�,
and the same conclusion was obtained by Son et al. (2012) again
on CSS, both for HERGs and LERGs. Moreover the sample by
Foschini et al. (2015), of which ours is a subset, revealed that on
average F-NLS1s also have black hole mass between 107 and
108 M�. All these results seem to support our hypothesis.

6.2. Evolutionary picture

The V/Vmax test shows that both F-NLS1s and CSS/HERGs
have no significant luminosity and/or density evolution up to
z = 0.6. Instead, FSRQs instead show a strong luminosity evo-
lution, but the sample is extended to much larger distances. An
interesting result we found is shown in Fig. 4, and it might point

out that FSRQs and F-NLS1s are strictly connected to each other.
F-NLS1s were suggested to be the low-mass tail of γ-ray emit-
ting AGN, and in particular of FSRQs (Foschini et al. 2015, and
references therein). Since the black hole mass and the jet power
are connected (Heinz & Sunyaev 2003), the lower radio lumi-
nosity and jet power of F-NLS1s might be a consequence of the
lower black hole mass. Therefore it is expected that F-NLS1s
would be the low-luminosity tail of FSRQs LF, as we indeed ob-
serve. Of course, there might be some low-luminosity FSRQs
that cannot be classified as NLS1s. The criteria for NLS1s clas-
sification is indeed based mainly on the Hβ width, which is not
just a function of the black hole mass. Therefore not all low mass
FSRQs can be classified as NLS1s, even if their black hole mass
and radio emission are comparable.

An explanation for the low mass is the young scenario of
NLS1s. If this is true, F-NLS1s might be the young coun-
terpart of FSRQs in which the nuclear activity started only
recently and in which the black hole (and possibly the host
galaxy) is still (co-)evolving. A similar picture was already
suggested for CSS sources years ago (Readhead et al. 1996;
Fanti et al. 1995; O’Dea & Baum 1997). These likely young ra-
dio sources are thought to be an evolutionary phase that is
going to evolve into the giant double sources. In particular,
Kunert-Bajraszewska & Labiano (2010) also took into account
the optical division into HERG and LERG, finding that the
CSS/HERGs sources are likely going to evolve into FRHERG.
Recently, Giommi et al. (2012) suggested that the two blazar
classes, and hence their parent population, should be divided ac-
cording to their low or high ionization, and that all the other
classifications are physically irrelevant. If this is true, FSRQs
can be identified as beamed HERGs, and F-NLS1s, which might
be young FSRQs, should be the beamed version of young
HERGs, so CSS/HERGs. In summary, the evolutionary picture
for beamed sources might be simply F-NLS1→ FSRQ, and for
their parent population CSS/HERGs → FRHERG. An evolution-
ary connection between F-NLS1s and FSRQs is then possible,
where the former are still growing to become the latter. This
hypothesis finds further support in our Fig. 5. When the rela-
tivistic beaming is added using the typical bulk Lorentz factor of
γ-ray emitting NLS1s, CSS/HERGs LF reproduces well the data.
Even if at low luminosities the model predicts a larger number of
F-NLS1s that we do not observe, we think that this discrepancy
might only be due to the selection criterion of our NLS1s sam-
ple. Keeping this caveat in mind, the model seems to indicate
that CSS/HERGs might be good parent candidates.

In young radio sources such as CSS, the jet activity might
be intermittent, and several outburst episodes might be induced
by pressure radiation instabilities in the accretion disk, with
a timescale of 102–105 yr (Czerny et al. 2009; Wu 2009a).
A similar, strong variability is also observed in RLNLS1s
(Foschini et al. 2012, 2015), providing further confirmation for
this unified model. If CSS/HERGs are parent sources, the ori-
gin for these activity/inactivity phases in F-NLS1s might be
the same. The radiation pressure instability is indeed one of
the hypotheses that can account for the nonthermal emission
and extended structures observed in some radio-quiet NLS1s
(Doi et al. 2012), where the jet activity phase might have lasted
for only a few years thereby leaving the observed structures
(Ghisellini et al. 2004).

The inclusion of CSS/HERGs in the parent population of
F-NLS1s might moreover rule out the vast majority of RQNLS1s
as parent candidates. In fact, since CSS/HERGs display lobes
that are already developed (Orienti 2016), this means that the
extended radio emission form even in very young ages, which in
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turn implies the rejection of the radio-quiet hypothesis. This con-
clusion is in agreement with the results of Berton et al. (2016b),
where the observed differences in narrow-line region properties
points in the same direction.

Another aspect to consider is the role that S-NLS1s can play
in this scenario. These sources are likely misaligned F-NLS1s
(Berton et al. 2015), therefore for this picture to be coherent they
should also be part of the larger class of CSS/HERGs. The sam-
ple we used in this work unfortunately does not include any type
1 AGN, so our data can reveal nothing on this issue, but this
topic has already been investigated in the literature, particularly
in recent years. Several authors found that at least some S-NLS1s
can indeed be classified as CSS/HERGs (Caccianiga et al. 2014;
Komossa et al. 2015; Schulz et al. 2016). In particular the ex-
tended survey by Gu et al. (2015) showed that the radio mor-
phology of almost each one of their S-NLS1s closely recalls that
of CSS. These results are therefore in agreement with our hy-
pothesis, and seem to favor the scenario in which CSS/HERGs
are the largest class of F-NLS1s parent sources. It is also reason-
able that S-NLS1s are objects observed at intermediate angles
between F-NLS1s and obscured (type 2) CSS/HERGs.

Still, it is not clear whether all type 1 CSS/HERGs are
NLS1s. Few CSS/HERGs have lines with a FWHM(Hβ) >
2000 km s−1, and cannot be classified as NLS1s. It is then possi-
ble that the unification between CSS/HERGs and NLS1s is only
in a statistical sense, that is CSS/HERGs and NLS1s are on av-
erage the same population, but with few exceptions likely con-
nected to the NLS1s definition. If a more physical classification
was used, such as black hole mass or Eddington ratio, the unifi-
cation between these sources would show fewer outliers.

In any case, it is also possible that the BLR geometry has
some impact on these outliers. If a flattened component in the
BLR is present, sources with a large inclination should appear as
broad-line AGN and not classifiable as NLS1s. The presence of
some relatively high mass type 1 sources in a CSS/HERGs sam-
ple might then provide a clue to the BLR geometry. Anyway it is
worth noting that in the sample of CSS by Son et al. (2012), the
type 1 AGN have a BH mass always below 5×108 M�, and an av-
erage value of 8.9×107 M�. If these sources had a flattened BLR
and were randomly oriented, some of these sources would show
a much larger mass. Instead all the values are in good agreement
with those of F-NLS1s, so they do not seem to have a flattened
component in the BLR. In any case, a deeper study on a larger
sample is necessary to better address this problem.

6.3. Host galaxy

A possible objection to the identification of CSS/HERGs as the
parent population of F-NLS1s is that their host galaxy might be
different. In particular CSS, like many radio-loud AGN, are usu-
ally thought to be hosted by elliptical galaxies (Best et al. 2005;
Orienti 2016) and triggered by merging activity (Holt 2009). In-
stead, NLS1s are generally believed to be hosted by spiral galax-
ies (Crenshaw et al. 2003) with a pseudobulge formed via sec-
ular evolution (Orban de Xivry et al. 2011; Mathur et al. 2012).
Nevertheless, the K-S test we performed, along with other stud-
ies, seems to draw a more complicated picture.

CSS/HERGs have a black hole mass distribution closer
to that of disk RGs than to that of elliptical RGs, typically
showing lower black hole mass. This might be because of the
young age of these sources, so perhaps the black hole is still
growing to reach the mass value of typical elliptical. Nev-
ertheless, the black hole mass is directly connected with the
bulge dynamics, particularly with its stellar velocity dispersion

(Ferrarese & Merritt 2000). So in principle a relatively low mass
black hole should be hosted in the small bulge of a disk galaxy,
rather than in a more massive elliptical. Therefore it is possi-
ble that CSS/HERGs are also hosted in disk galaxies, as NLS1s.
An example of a disk host for a powerful CSS was found by
Morganti et al. (2011). Moreover in a very large sample of AGN,
Best & Heckman (2012) found that HERGs host galaxies have
different properties than those of LERGs and, in particular, these
authors found that they are bluer with lower mass, lower 4000 Å
break, and a higher star formation rate. Such characteristics are
reminiscent of those of a disk or star-forming galaxy.

Finally, we must underline that not much is known even
about the host galaxies of F-NLS1s, mainly because of
their high redshift. Few studies were performed on the clos-
est F-NLS1, 1H 0323 + 342, and seem to suggest the pres-
ence of a disk and possibly of a pseudobulge (Antón et al.
2008; Hamilton & Foschini 2012; León Tavares et al. 2014).
The WISE colors of F-NLS1s suggest that their host galaxy has
a higher rate of ongoing star formation (Caccianiga et al. 2015),
a feature that also reveals an “active” host and is likely different
from giant “passive” elliptical galaxies. However, further stud-
ies on the host galaxy morphology are necessary to characterize
F-NLS1s as a population.

7. Summary
In this paper we investigated the relation that exists between CSS
sources with an HERG optical spectrum and F-NLS1s. Our aim
was to understand whether the CSS/HERGs class can be part of
the parent population of F-NLS1s. To do this, we analyzed the
only two statistically complete samples of CSS/HERG and F-
NLS1 available so far. First we calculated the black hole mass
and Eddington ratio by means of the optical spectrum, and then
we studied their radio luminosity functions along with that of a
control sample of FSRQs.

The black hole masses are tipically between 107.5 and
108 M� in both samples, and the Eddington ratio is around
∼0.1. We performed a Kolmogorov-Smirnov test on the samples
to compare their black hole mass distributions. Our results, in
agreement with previous studies in the literature, seem to con-
firm that the two distributions might be drawn from the same
population and, hence, that CSS/HERGs are good candidates for
parent sources.

The luminosity functions seem to support the same scenario.
A first result is that F-NLS1s might be the low-luminosity (and
low-mass) tail of FSRQs, confirming the results of Abdo et al.
(2009a) and Foschini et al. (2015). The addition of relativis-
tic beaming to CSS/HERGs luminosity function revealed that
CSS/HERGs might actually be F-NLS1s with the jet viewed
at large angle, and thus belonging to the parent population.
In this framework, RLNLS1s with a steep radio spectrum are
sources observed at intermediate angle between F-NLS1s and
CSS/HERGs with a type 2 (absorbed) optical spectrum.

Our results also seem to be consistent with an evolution-
ary picture in which F-NLS1s and CSS/HERGs are the young
and still growing phases of FSRQs and FRHERG, respectively. A
more detailed study is required on a larger sample of sources.
In particular, new spectral indices are necessary to effectively
compare CSS/HERGs and F-NLS1s. New large surveys at dif-
ferent frequencies, such as VLASS, might be helpful to improve
our knowledge about these sources. Also SKA, with its unprece-
dented sensitivity, will likely provide an incredible amount of
information to greatly deepen our understanding of RLNLS1s
(Berton et al. 2016a).
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