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Are the FR | and FR Il radio galaxies representative of théoréalid (RL) AGN population in the local Universe? Recent

studies on the local low-luminosity radio sources casttfigin an emerging population of compact radio galaxies which
lack extended radio emission. In a pilot JVLA project, wedstthe high-resolution images of a small but representative
sample of this population. The radio maps reveal compaasaived or slightly resolved radio structures on a scale of

1-3 kpc. We find that these RL AGN live in red massive earlyetgalaxies, with large black hole massggl(® M),

and spectroscopically classified as Low Excitation Gakxédl characteristics typical of FRI radio galaxies whiblyt
also share the same nuclear luminosity with. However, tlieynzore core dominated (by a factor ©80) than FRIs
and show a clear deficit of extended radio emission. We cafiglsources 'FRO’ to emphasize their lack of prominent
extended radio emission. A posteriori, other compact radiorces found in the literature fulfill the requirements dor
FR 0 classification. Hence, the emerging FRO population agp® be the dominant radio class of the local Universe.
Considering their properties we speculate on their passibgins and the possible cosmological scenarios theyyimpl
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1 Introduction radio power. All morphologies are represented, including
twin-jets and core-jet FR Is, narrow and wide angle tails,
Classical radio catalogs (e.g. 3C, 2Jy...) are set at loworachnd FR Ils. However, most of them80 % are compact,
frequencies and limited by high flux density. These selegnresolved or barely resolved at thé BIRST resolution,
tion criteria favor the inclusions of extended steep sp@etr corresponding to a limit to their size ef10 kpc. This sam-
sources, Fanaroff-Riley classes (FR | and FR 1), where thige does not mostly overlap with previous classical radio
core emission contributes1% of their total emission and catalogs because of their low radio flux density and is more
their sizes are of tens or hundreds of kpc met @umerous than 3C sample of a factoraf00 in space den-
). Furthermore, they produce a bias, since the highy.
core-dominant sources are excluded. In fact, when the se-[Ba|dj & Capetli {2010) analyzed their spectro-
lection biases used are less severe (lower flux thresh@JHotometric properties and they found that they display
and/or higher frequency), core dominated radio-galaxigs strong deficit of radio emission with respect to their
(RGs), generally too faint to be detected in the existinglowyyclear emission-line luminosity up to a factor 1000, when
frequency limited surveys, emerge as the dominant cogompared to FR | and FR Il matched in line luminosity
stituent of the RL AGN population (Baldi & Capetti. 2010).(Fig. [1). Most of them live in red massive-0'" M)
Hence, do the classical FR | and FR Il RGs represent th@rly-type galaxies (ETGs), with large BH massgdQ®
real picture of RL AGN? In this contribution to the Pro-p ), and spectroscopically classified as Low Excitation
ceedings, we want to adress this question in the context@hylaxies, all characteristics typical of FR Is.
the\J/c\e/t lﬁorma'[tllontlntrt]he local LtJ'mvefrfr?' ocal RLAGN A similar radio behavior is also noted in the ‘minia-
e investigate the properties of the loca pop . i i i
lation, selected 05) (hereafter BO5), asall':fglffrsxﬁeer:'e&%vc\i?;i(s?Jﬁilﬁjsggo(rﬁgci)ézn\?vaﬁbzx?IZ{] tl_IiTGS
ple of RGs by cross-correlating the SDSS (DR2), NVS&Hz) (Balmaverde & Capétli, 2006). Despite their low to-
and FIRST datasets. This sample is highly (95%) complefg) radio power, they host RL nuclei and produces jets on
down to the flux threshold of 5 mJy and provides a very scale of~20 kpc, smaller than the typical size ofL00
good representation of RGs in the local Universe, up 01 of the FR Is. Their host and nuclear properties are in-
redshift of $0.3, covering the range 02 erg ' in  jstinguishable from the FR Is (elg Baldi & Cagétti 2009;

* Corresponding author: e-mail: r.baldi@soton.ac.uk Balmaver(_je et II&DMOS) queven CoreG show a
core dominance up te-100 times higher than FR Is, but
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with the following criteria: redshift < 0.1; the main opti-
cal emission lines detected at least Significance; equiva-
lent width for the[O I11] lines larger than &.

We will study the RL AGN objects present in this sam-
ple, since a contamination from radio-quiet (RQ) AGN is
expected to be present in the BO5 sample.

3 Results

3.1 Spectro-photometric properties

44 We now explore the physical properties of the present sam-
ple based on the optical spectroscopic and photometric in-
formation available from the SDSS survey, similarly to the
study performed on the B0O5 sample metti
diﬁi@).

We estimated the BH masses from the stellar velocity

3CR/FR | sample. The dotted lines include the region where. . . . .
P g ’%spersmn adopting the relation lof Tremaine etlal. (2002).

Seyfert galaxies are found. The empty pink triangles are t

viert g Py P 9 hey range from~10" to ~10° M,. The sources are as-
CoreG, and green stars the 3CR/FR Is. The red squares are the”. ) . . Lo .
FR Os. sociated with galaxies with a distribution of masses in the

range 10°-10''5 M.

o . . ) Studying their concentration indeX, (defined as the
similar to the BOS sample (Baldi & Capetti, 2009). A highyatio of the radii including 90% and 50% of the light in

core dominance is generally interpreted as evidence @fa ;- hand) to carry out a morphological classification of
Doppler boosting in a radio source oriented at a small angige hosts (e. @03)’ either early- and late-typ
with respect to the line of sight. The correlation found Wiﬂbalaxies are present in the sample. We also use the24000
the core radio power and emission line luminosity (indepe;eak strength,D,,(4000) (defined as the ratio between
dent of orientation) indicates that this is a genuine deficite fluxes in the wavelength range 3850-385%Md 4000—
of extended radio emission and that no geometric effecuﬁooa\), sensitive to the presence of a young stellar popu-
present. _ lation (Balogh et dl., 1999). A further diagnostic panelltoo
The smaller jets produced by the CoreG compared ghaples us to to qualitatively measure the amount of con-
FR Is might be ascribed to the their lower AGN luminoStamination in radio emission in the galaxy that is due to star
ity, although they have similar properties. However, th& BOiormation. This method is based on the location of a galaxy
sample, which show a similar radio deficit to the CoreGy, the D,,(4000) versusL, 4 ¢u, /M, plane, wherel/, is
have optical luminosities similar to the FR Is and their nuge galaxy’s stellar mass (Fig. 6 from Baldi et/al. 2015).
clei and hosts are statistically indistinguishable fromsé Njine sources are above above the curve corresponding to the
of 3C sources from the point of view of morphology, coloryrediction of a star formation event lasting 3 Gyr and expo-

stellar and BH masses. Therefore, this radio behavior cafentially decaying. According to BO5, their radio emission
not be ascribed to differences in their hosts, but to othgf 3ssociated with the AGN.

mechanisms. We used the spectroscopic diagnostic diagrams defined

~ In conclusion, the properties of the bulk of the populasy [y iglione et al.[(2010) for the 3CR sample to recognize
tion of RL AGNs (with a space density100 times higher ne pature of their nuclear emission. These diagnostics are
than 3C sources) are virtually unexplored. This severepmeqd by pairs of nuclear emission lin

e ratios to separate
limits our ability to understand their nature and the jet forytive nuclei from star-forming galaxies (mt a
mation in low-luminosity AGN. An improvement of the ra-[19g7) and, furthermore, to separate AGN into branches of
dio data is needed to provide a more complete view of thiarent excitation level, that is Low- and High-excitati
radio emission phenomenon. For this purpose, we Starbﬁlaxies (LEG and HEG). So, we classify the spectra of

project with the JVLA aimed at study the high-resolution, ;- samnle in nine LEGs and three HEGs (Fig. 1 from
properties of the RL AGN population, represented by tmm)'

B05 sample._Here, we reser_wt the results from a pilot sam- Based on the spectro-photometric properties, we can
ple, largely discussed In Baldi et 15)' distinguish the presence of two groups. The first group con-

sists of four sources that are characterized by their low BH
2 Sample masses, mostly10” M, and their blue color. Their radio

and spectrophotometric properties indicate that they &e R
We observe with the JVLA at three frequencies (1.4, 4.3GN. The presence of an active nucleus is evidenced by
and 7.5 GHz) twelve objects selected from the BO5 samptleeir optical line ratios and equivalent widths, which are

Log vLy4 gi,

Fig.1 FIRST vs. [O ll]] line luminosity (erg s'). The small
points correspond to the BO5 sample. The solid line reptsse
the correlation between line and radio-luminosity derifedthe

Copyright line will be provided by the publisher



AN header will be provided by the publisher 791

characteristic of AGN. Nonetheless, three of them show a T 5 e T
substantial contamination from star formation to theirioad :
emission and are in late-type galaxies.

Conversely, the second group includes eight sources
with high BH massesX10® M) whose radio emission is
dominated by the radio AGN and are considered as the RL
counterpart of the sample. With the sole exception of 625,
they are associated with red massive ETGs belonging to the
LEG spectroscopic class, similar to the vast majority of the
B0O5 sample.

Orcinsion (12000
Decinsion 1200y

3.2 Radiodata

Let us focus on the new new high-resolution JVLA observq:ig_ 2 The JVLA maps at 7.5 GHz of the three FR Os, (from left

tions at 1.4, 4.5, and 7.5 GHz of the eight RL objects. O%p 547, 590, and 605) which show extended structure (résolu

object, 625, show a FRI/FRII radio morphology extendeg; ~0'2) . Seé Baldi et Al[ (20115) for the expanded radio maps.
over~40kpc and has a HEG optical spectrum. We exclude

it from the final sample, consisting of 7 objects (see the lu-
minosities and properties in Talile 1). The new JVLA maps

of these objects revealed that they show a compact morphol- e g
ogy, unresolved or only slightly resolved (core-jet) down t P
a resolution of~0’2 (Fig.[2). The total morphology show
structure on a scale of 1-3 kpc. The sources which show = ,4F
an interesting morphology are: 547 (a twin-jet source), and & -
590 (with an elongated radio morphology on a scale’@f, 0 ¥ a9k
possibly due to a bent two-sided jet structure). -
We measure the spectral slopgF,, x v%), obtained 385
between 1.4 and 4.5 GHz: they range from -1.00 to -0.04, in- < ]
dicative of steep and flat spectra. For most of the objeats, th 37E ]
ectra show a flattening at 7.5 GHz (Fig. 4ft al. 36 37 38 39 40 4l 4R

Log vL

core

s
lJZEI_B, sign of an emerging radio core component.

One of the main purposes of our program is to isolateig.3  Core radio power vs. [O IlI] line luminosity (erg$).

the radio core component and to measure the core domhe line indicates the best linear fit the for 3CR/FR I. Theocol
nance of the sources of our sample. The high-resolution rgmbols are like in Fig. 1

dio maps at 7.5 GHz reveals an unresolved radio core com-
ponent for three sources (519, 537, and 547). For the re-
maining sources, we can use the radio spectra to measdre Discussion
the core emission, at the frequency where the spectra flat-

ten. T?e _raqilo core luminosities are in the rangt0™ =40 The results discussed in the previous sections indicate tha
erg s -, similar to the cores of 3CR/FR Is. ! .
these seven objects (together with the powerful source

After measuring the radio core component thanks to th 5 discussed above) are the genuine RL AGN in the pi-
new observations, we can include our sources inthg. ot sample selected from BO5. They are located in red
vs. Loy plane (Fig[B), similarly to what was done formassive €10 M) ETGs, have BH massez10° M,
CoreG in Baldi & Capettil(2009). The seven sources lie ofthiaberge & Marcohi] 2011) and are spectroscopically
the Leore V8. Loy correlation found for the 3CR/FR IS. ¢jassified as LEGs. All these (host and nuclear) properties
This strongly indicates their radio-loudness and their-geRye shared with FR | RGs (e.3., Baldi & Cagetti 2008, 2009;
uine lack of substantial large-scale radio emission since B3|dj et al.[ 2015] Balmaverde et al. 2006; Chiabergelet al.
geometric effect is present (Hig 1). 11999). Furthermore, their radio core and [O I1I] luminosi-

The core dominance of our sources is defined as the t&s lie in the range typical of FR Is. The JVLA observations
tio between the source nuclear emission at 7.5 GHz and thigow compact radio structures (with a limit to their size of
total flux density, for which we adopted the NVSS measure- 0.5 kpc or, in a few cases, extending by at most 1-3 kpc)
ment. The core dominance ranges between 0.05 and 0&88l lead to an estimate of their (average) core dominance
(Fig. 7 frommu_Z_QJlS) and is consistent with the factor of~30 higher than FR Is. The only feature distin-
core dominance of CoreG and higher than 3CR/FR Is byguishing them from FR Is is then the substantial lack of ex-
factor~30. tended radio emission. For this paucity we call tHeR0 in
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Tablel Spectroscopic and photometric properties of the FR Os

ID z opt. class| LogM.. | LogMpg | Log Loy | LogLrrrst | LOgLnvss | LOG Leore
519 | 0.076 LEG 11.30 8.67 40.28 39.50 39.56 39.31
524 | 0.093 LEG 11.07 8.32 39.96 39.89 39.87 <40.16
535 | 0.076 LEG 11.48 8.76 40.26 38.96 39.14 39.29
537 | 0.061 LEG 11.09 7.72 39.52 38.90 38.90 39.29
547 | 0.072 LEG 11.18 7.64 39.97 39.22 39.27 38.93
590 | 0.097 LEG 11.42 8.43 40.39 39.22 39.37 39.64
605 | 0.045 LEG 11.15 8.57 39.57 39.47 39.44 40.10

Column description: (1) name; (2) spectroscopic reds8jtpptical spectroscopic classification; (4) galaxy siethass M (Mg); (5)
black hole mass Mz (M); (6) [O Ill] luminosity (erg s'); (7) 1.4 GHz FIRST luminosity (ergs); (8) 1.4 GHz NVSS luminosity
(erg s 1) used as total radio luminosity,ls; (9) 7.5 GHz JVLA luminosity (ergs') used as radio core luminosity.d:c.

0 position to the jetted FR radio clasiley;ompact morphologies similar to FR Is, but lacking ex-
1) and in agreement with Ghisellihi (2011). tended radio emission.
What causes the radio deficit in FR 0s? In CoreG small
4.1 TheFR 0population scale jets and plumes are the dominant radio morphology.
This favors the idea that their jets suffer deceleration and
The FR 0 classification then corresponds to a Combil’lati@ﬂsruption before escaping the host core radius, slowly bur
of radio and spectro-photometric (both nuclear and of thewing their way into the external medium and accounting
host) properties. FR Os and FR Is are indistinguishable {gr their small sizes. Furthermore, the similarity of thesho
terms of nuclear and host properties (color, BH mass, opind nuclear properties of FR Is and FR Os constrain two
cal spectra). They show compact radio structures on scalesgknarios that can explain their extended radio difference
some kpc. The high FR 0 core dominance appears to be due |n the first scenario, the central engines of FR 0s and
to the genuine paucity of extended radio emission, rathgr |s are indistinguishable and the paucity (and small size)
than to an enhanced radio core, since FR Os and FR Is sh@ithe extended radio emission is ascribed to an evolutjonar
similar ratios of radio-core to emission line luminosity.  effect. Since FR 0s appear small and compact, they might
The CoreG fulfill the requirements for a FR 0 classifibe young and will possibly evolve into more extended FR |
cation: they show kpc scale radio structures and are of higiid FR 1. However, this implies that their number density
core dominance, they are hosted in red giant ellipticals aglould be much lower than that of FR Is, but this is the
are characterized by LEG line ratios. They ar#00 times opposite of what is observed. This scenario can still hold
less luminous than the FR Os studied here. They smootlifyrR Os are intermittent sources. Rapid intermittency,,e.g
extend the various nuclear multi-wavelengths relatioes sewith a timescale of-10*—° years would prevent FR 0s from
in FR Is. In this sense, they represent the low-luminosity emecoming well developed FR Is. Several suggestions in this
of the FR 0 population that therefore extends at least dowdirection have been proposed (€.g. Reyn 1997) based
to a radio power of- 10°¢ ergs™'. on various physical mechanisms, such as disk (or jet) in-
Since the vast majority of the B15 sample fulfills thestabilities or discontinuous accretion. The drawback & th
FR 0 definition (a deficit of radio emission and similarscenario is that it does not explain why these mechanisms
spectro-photometric properties to FR Is), this strongly irshould be at work only in FR Os. Furthermore, this sce-
dicates that the FR 0 population is the dominant radio clasario is in contradiction with the studies on FR Is and CoreG
in the local Universe. However, a detailed radio study of @llen et al., 2006; Balmaverde et|al., 2008), which indécat
large portion of this sample is needed to put these results thrat accretion is provided by the X-ray emitting hot gas of
a firmer ground. This conclusion was also recently claimetie corona, which slowly cools, shrinks and supplies the
by Sadler et &l (2014), who found that the bulk of the 2Qzentral BH. This implies a long-lasting continuous inward
GHz RG population consists of compact radio sources lackansfer of gas related only to the host properties and then
ing extended radio emission, analogous to our FR 0s.  no differences would be expected between FR 0s and FR Is.
This new class of RGs is similar to the low-luminosity As a second scenario, we suggest that the differences
radio sources hosted in ETGs, studied @et &letween FR Os and FR Is are driven by a different value of
), which contain parsec-scale radio cores and duwe jet bulk speedl', with FR Os having lower" values with
not produce extended radio emission. The presence reSpect to FR Is. In this scheme, FR Os and FR Is share a
a large population of low luminosity compact sourcesommon range of accretion rate (as proved by their simi-
has been recently unveiled by Kunert-Bajraszewskal et &r line emission luminosity and similar optical line ratjo
M), similar to FR Os but much brighter. This new R@nd of radio core power (which represents the synchrotron
class is also consistent with a subclass of low-luminosigmission from the base of the jet). Therefore, the innermost
Gigahertz-Peaked Spectrum (GPS) radio sources proposegions of FR 0 and FR Is are not expected to differ sig-
by [Tingay & Edwards|(2015), which show jet-dominatedhificantly. The different radio behaviors should arise on a
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larger scale. In the hypothesis that jets in FR 0s are slower The FR 0 radio structures are not small because of a

than FR Is, they are more subject to instabilities and efow-power engine or because of geometrical effects, and

trainment|(Bodo et al., 2013; Perucho, 2012) and this caugkeir different radio properties cannot be ascribed toediff

their premature disruption. Indeed, the typical scale ef thences in their hosts. Our preferred scenario to account for

radio emission in FR Os is usually smaller than the cotheir radio behavior is the slow jets, associated with small

size of their host galaxies coronae, a region characterizied Lorentz factorsI{ < 2 — 3), probably due to small

by a dense interstellar medium that easily may obstruct tB# spins. Furthermore, this conjecture matches with the

passage of the jet. This hypothesis is supported, albdit witlea of recent studies on the radio-mode feedback which

a small number statistics, by the absence of one-sided Kpave being gradually oriented to low-power/compact jets

scale morphologies among the FR 0Os observed, the typi¢alg.| Cielo et dll_2014; Perucho ef al. 2014; Shabalal et al.

sign of relativistic jet boosting. ), because they appear to be more efficient to deposit
The ultimate origin of this effect is apparently not re£Nergy on the galaxy scale rather than powerful radio galax-

lated to any directly observable quantity. We speculate th€S Which flow faster out from the galaxy.

this could be due to a different spin of their central BH. A

broad and continuous distribution of BH spin is a indeefefer ences

natural consequence of galaxy evolution via both BH merg-

ers and gas accretion (elg.. Volonteri et al. 2013). By assufilen, S. W., Dunn, R. J. H., Fabian, A. C., Taylor, G. B., & Rejds,

ing that dependence between the BH spin (and the BH magsf S;?- ZSOE'C“QI'SSQSA' 327020'821 A 480, 989

and jet bulk Lorentz factoF exists (e.g), Chai et Bl. 2012; Baldi, R. D. & Capetti, A. 2009, A&A . 508, 603

LLiu et all[2015), this would result in the needed spreal of Baldi, R. D. & Capetti, A. 2010, AGA . 519, Adg+

values. The FR Is might represent the cases where the effidldi, R. D., Chiaberge, M., Capetti, A., et al. 2010, ApJ 572426

ciency in the mechanism of launching of a relativistic jet i§2di: R. D., Capetti, A., & Giovannini, G. 2015, A&A , 576, &3
y 9 ] aldi, R. D., Giroletti, M., Capetti, A., et al. 2015, A&A , 47 A65

maximized. The FR | radio morphology is produced onlg,gyin, . A., Phillips, M. M., & Terlevich, R. 1981, PASP3%

when the BH spin is close to its maximum value, whil@almaverde, B. & Capetti, A. 2006, A&A , 447, 97

smaller spin values could be associated with FR Os. ARamaverde, B., Capetti, A., & Grandi, P. 2006, A&A , 451, 35

other benefit of this scenario is that, since FR Is represﬁma"erde' B., Baldi, R. D., & Capetti, A. 2008, AZA , 486,41

. . ogh, M. L., Morris, S. L., Yee, H. K. C., Carlberg, R. G., &liEgson,
the cases with extreme values of spin, the broad range of "1999, ApJ , 527, 54

BH spins would account for the more numerous popula@est, P. N., Kauffmann, G., Heckman, T. M., & lvezit, 2005, MNRAS ,
tion of FR Os than FR Is. Circumstantial evidence in fa- 362, 9

vor of this speculation comes from the slight differences iﬁo‘igfébgﬁoamatsasr'v"" G., Rossi, P., & Mignone, A. 2013RAS ,

large scale environment between FR Os and FR Is. The latigkiglione, S., Capetti, A., Celotti, A., et al. 2010, A&09, A6+
class is generallyx 70%) associated with clusters or richChai, B., Cao, X., & Gu, M. 2012, ApJ , 759, 114

groups (e.g._Wing & Blanton 2011). Conversely, althougRhiaberge, M., Capeti, A., & Celotti, A. 1999, A&A , 349, 77

. . . - Chiaberge, M. & Marconi, A. 2011, MNRAS , 416, 917
FR 0s avoid regions of low galaxies density and are locatetf, "s™ Antonuccio-Delogu. V., Maccio, A. V., Romeo, By, & Sk, J.

in a richer environment than RQ AGN (B05), they are also 2014, MNRAS , 439, 2903
found outside clusters. This could alter slightly theirlewo Fanaroff, B. L. & Riley, J. M. 1974, MNRAS , 167, 31P
tion with respect to FR Is (i.e., from the point of view ofCGhisellini, G. 2011, American Institute of Physics Confere Series,

merger rate and/or merger type), leading to a difference | 1381, 180
g g ype), 9 mjnert-Bajraszewska, M., Gawronski, M. P., Labiano, A.,S8emigi-

the BH spin distribution. nowska, A. 2010, MNRAS , 408, 2261
Liu, Z., Yuan, W., Lu, Y., & Zhou, X. 2015, MNRAS , 447, 517
Morganti, R., Oosterloo, T. A., Reynolds, J. E., Tadhun@&rN., & Mi-
. genes, V. 1997, MNRAS , 284, 541
5 Summary and Conclusions Perucho, M. 2012, International Journal of Modern Physiosf€rence
Series, 8, 241
Perucho, M., Marti, J. M., Laing, R. A., & Hardee, P. E. 200M/\RAS ,
The most studied catalogues of RGs are severely biasedis1, 1488
against the inclusion of objects with high core dominanc&eynolds, C. S. 1997, MNRAS , 286, 513

since a large contribution from extended emission is needg lﬁhi'sM'hggegséeR' D., Mahony, E. K., Mauch, T., & Murpiiy2014,
to fulfill the stringent flux requirements of low frequencyspanaia, s.'s., Kavirai, S., & Silk, J. 2011, MNRAS , 413, 2815
high flux threshold samples. Conversely, recent studisgen, S., Mo, H. J., White, S. D. M., et al. 2003, MNRAS , 343 97
on low-luminosity RGs (e.g., Baldi & Capétti ngg Zblo;SIee, 0. B., Sadler, E. M., Reynolds, J. E., & Ekers, R. D. 1984RAS ,

Baldi et al.| 2015] Sadler etidl. 2014) have been converg-%g' 928

: = i "“'fingay, S. J., & Edwards, P. G. 2015, MNRAS , 448, 252
Ing to an opposite picture: _the local RL .AGN populationrremaine, s., Gebhardt, K., Bender, R., et al. 2002, ApJ , 57@
is dominated by compact high core-dominated weak RGglonteri, M., Sikora, M., Lasota, J.-P., & Merloni, A. 2018pJ , 775, 94

the FR 0s, which show a lack of prominent extended radi§ing. J. D., & Blanton, E. L. 2011, AJ, 141, 88
structures with respect to other FR classes. Such a domi-

nant population is still unexplored, casting shadow on our

present knowledge about the radio-AGN phenomena.
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