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A B S T R A C T 

We report on the disco v ery of one of the most extreme cases of high-frequency radio v ariability e ver measured in active galactic 
nuclei (AGNs), observed on time-scales of days and exhibiting variability amplitudes of 3–4 orders of magnitude. These sources, 
all radio-weak narrow-line Seyfert 1 (NLS1) galaxies, were discovered some years ago at Aalto University Mets ̈ahovi Radio 

Observatory (MRO) based on recurring flaring at 37 GHz, strongly indicating the presence of relativistic jets. In subsequent 
observations with the Karl G. Jansky Very Large Array (JVLA) at 1.6, 5.2, and 9.0 GHz no signs of jets were seen. To determine 
the cause of their extraordinary behaviour, we observed them with the JVLA at 10, 15, 22, 33, and 45 GHz, and with the Very 

Long Baseline Array (VLBA) at 15 GHz. These observations were complemented with single-dish monitoring at 37 GHz at 
MRO, and at 15 GHz at Owens Valley Radio Observatory (OVRO). Intriguingly, all but one source either have a steep radio 

spectrum up to 45 GHz, or were not detected at all. Based on the 37 GHz data, the time-scales of the radio flares are a few days, 
and the derived variability brightness temperatures and variability Doppler factors are comparable to those seen in blazars. We 
discuss alternative explanations for their extreme beha viour, b ut so far no definite conclusions can be made. These sources exhibit 
radio variability at a level rarely, if ever, seen in AGN. They might represent a new type of jetted AGN, or a new variability 

phenomenon, and thus deserve our continued attention. 

K ey words: galaxies: acti ve – galaxies: jets – galaxies: Seyfert – radio continuum: general. 

1

A
c
2
u  

a  

p

�

†
1

d
r

a
p
h  

A  

e  

w  

A  

t

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/3/3069/7712494 by Turun Yliopisto user on 07 August 2024
 I N T RO D U C T I O N  

pproximately 10 per cent of active galactic nuclei (AGNs) are 
apable of launching and maintaining relativistic jets (P ado vani 
017 ). Traditionally, these jetted AGNs have been often identified 
sing the radio loudness parameter 1 as a proxy for the jet activity:
ll the jetted AGNs were believed to be found among the radio-loud
opulation. Whereas the radio loudness parameter might still serve 
 E-mail: astrojarvela@gmail.com 
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 Radio loudness parameter, R , is defined as the ratio between 5 GHz flux 
ensity and optical B-band flux density. Sources with R > 10 are considered 
adio-loud, R < 10 radio-quiet (Kellermann et al. 1989 ). 
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 purpose when considering bright, high-redshift AGN with steady, 
owerful jets, and negligible host galaxy contribution, recent studies 
ave shown that it utterly fails when faced with the true diversity of
GN jet phenomenon and variability (P ado vani 2017 ; L ̈ahteenm ̈aki
t al. 2018 ). This is especially problematic in the local Universe,
here we are able to detect also lower power jets and outflows in
GN, and where the host galaxy can have a major contribution to

he low-frequency radio emission, such that disentangling different 
ources of radio emission poses a problem (Caccianiga et al. 2015 ;
 ̈arvel ̈a et al. 2017 , 2022 ). This can lead to AGN with lo w-po wer
elativistic jets to be classified as radio-quiet, or non-jetted AGN 

ith strong star formation to be classified as radio-loud (Caccianiga 
t al. 2015 ), making radio loudness a problematic proxy for the jet
ower and activity. 
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Especially one class of AGN, the narrow-line Seyfert 1 (NLS1)
alaxies, has played a major role in revealing the diversity seen in
GN activity, and have revolutionized some long-standing assump-

ions held about AGN. NLS1s are identified based on the optical
pectrum: the full width at half-maximum (FWHM) of their broad
 β emission line is < 2000 km s −1 , and their [O III ] emission is
eak compared to the broad H β: S ([O III ])/ S (H β) < 3 (Osterbrock
 Pogge 1985 ; Goodrich 1989 ). They often also exhibit strong Fe II

mission, confirming the unobstructed view of the central engine.
he narrow FWHM(H β) can be attributed to low rotational velocity
round a low-mass supermassive black hole (10 6 –10 8 M �, Peterson
011 ; Komossa, Xu & Wagner 2018 ). The low-mass hypothesis
s supported by reverberation mapping studies (Wang et al. 2016 ;
u et al. 2018 ), predominantly turbulence-dominated Lorentzian

mission-line profiles (e.g. Sulentic et al. 2000 ; Kollatschny & Zetzl
011 ; Berton et al. 2020a ), the existence of tidal disruption events
TDEs) in NLS1s (e.g. Frederick et al. 2021 ), and the pre v alence
f disc-like host galaxies with pseudo-bulges (e.g. J ̈arvel ̈a et al.
017 ; Olgu ́ın-Iglesias, Kotilainen & Chavushyan 2020 ; Varglund
t al. 2022 ). The luminosities of NLS1s, comparable to those of
igher black hole mass AGN, such as broad-line Seyfert 1 (BLS1)
alaxies, combined with their lower black hole masses indicate that a
onsiderable fraction of NLS1s are accreting close to or even above
he Eddington limit (Boroson & Green 1992 ). This ensemble of
roperties has led to the conclusion that they are fast-growing, early-
tage AGN (Mathur 2000 ), possibly experiencing one of their first
ctivity cycles. 

Based on their properties, NLS1s were not expected to show
rominent jet activity, as the ability to launch and maintain powerful
elativistic jets was considered to be e xclusiv ely a property of massive
lliptical galaxies, hosting the most massive black holes (Laor 2000 ).
o we ver, contradictory to this jet paradigm several NLS1s were

ound to exhibit blazar-like properties in radio band (Komossa et al.
006 ; Yuan et al. 2008 ), and finally the first NLS1 was detected at
amma-rays – indisputably produced by relativistic jets – in 2009
Abdo et al. 2009 ). Since then ∼20 NLS1s have been detected at
amma-rays (Romano et al. 2018 ; P aliya 2019 ), and sev eral dozen
ew candidates have been identified (Foschini et al. 2021 , 2022 ).
urthermore, additional ∼50 NLS1s have been confirmed to host jets
ia radio imaging (e.g. Richards & Lister 2015 ; Lister et al. 2016 ;
erton et al. 2018 ; Chen et al. 2020 , 2022 ). NLS1s with relativistic

ets share similar properties with the non-jetted NLS1 population
nd thus broke the jet paradigm beyond any doubt. These jetted
LS1s are also the first AGN with systematically high Eddington

atios to host relativistic jets. Blazars, in general, have Eddington
atios < 0.1 (Heckman & Best 2014 ), and it was believed that
GN with Eddington ratios significantly higher than that are very

arely capable of launching jets, though some e xceptions e xist (e.g.
elladitta et al. 2022 ). Recently, also general relativistic (radiative)
agnetohydrodynamics (GRMHD) simulations have shown that

f ficient and po werful collimated jets are formed in systems with high
ddington ratios, even exceeding unity, if the state of magnetically
rrested accretion is reached (McKinney et al. 2017 ; Liska et al.
022 ). Thus it seems that our earlier beliefs regarding relativistic
ets were mainly a product of observational biases, for example,
oncentrating the studies only on the brightest or radio-loudest AGN.
t has been suggested that jetted NLS1s represent an early stage of
he evolution of jetted AGN and that they will e ventually gro w into
at-spectrum radio quasars (FSRQ) and radio galaxies (Foschini
t al. 2015 ; Berton et al. 2017 ). If this is the case, they offer us
n unprecedented opportunity to study the very first stages in the
volution of powerful AGN with relativistic jets. 
NRAS 532, 3069–3101 (2024) 
Intriguingly, the radio properties of NLS1s are very diverse: only
5 per cent of them have been detected in radio (Komossa et al.
006 ; J ̈arvel ̈a, L ̈ahteenm ̈aki & Le ́on-Tavares 2015 ), and include
 continuum of sources from host-dominated to relativistic jet-
ominated (J ̈arvel ̈a et al. 2022 ), whereas the majority of 85 per cent
eem to be totally radio-silent. Ho we ver, NLS1 samples often
uffer from misclassifications, and include a significant fraction
f BLS1s and intermediate-type AGN that affect the population-
ise statistics. Indeed, an ongoing investigation utilizing a carefully

elected sample of NLS1s and new radio surv e ys, such as the LOw-
requency ARray Two-metre Sky Survey (LoTSS, Shimwell et al.
022 ) and the National Radio Astronomy Observatory (NRAO) Very
arge Array Sky Survey (VLASS, Lacy et al. 2020 ), indicate that

he radio detection fraction among NLS1s is e ven lo wer, around
8 per cent (Varglund et al. submitted). To understand the nature

f this seemingly heterogeneous class and how different NLS1s are
elated, it is necessary to study the population as a whole. Most
tudies have concentrated on the most obvious radio-bright NLS1s,
hereas the radio-faint and -silent population has been scarcely

nvestigated. 

.1 The road so far: 37 GHz obser v ations 

 different approach was adopted at the Aalto University Mets ̈ahovi
adio Observatory (MRO, Finland), where several hundreds of

etted AGNs are frequently monitored at 37 GHz. In addition to
LS1s that are known to be bright in radio (Foschini et al. 2015 ;
 ̈ahteenm ̈aki et al. 2017 ), two samples of NLS1s were selected for
onitoring based on totally distinct criteria, independent of their

adio properties. One sample consisted of NLS1s residing in very
ense large-scale (Mpc-scale) environments (J ̈arvel ̈a et al. 2017 ),
nd the other was compiled from NLS1s exhibiting spectral energy
istributions (SED) that seemed favourable for 37 GHz observations.
 ̈arvel ̈a et al. ( 2017 ) used luminosity–density fields constructed using
uminous red galaxies from the Sloan Digital Sk y Surv e y (SDSS) to
tudy the Mpc-scale environment of a sample of more than 1300
LS1s. They found that, in general and in agreement with cosmic
ownsizing, NLS1s reside in low-density regions, such as voids
nd filaments. On the other hand, more powerful AGNs, such as
adio galaxies and blazars, reside in very dense regions, for example,
uperclusters. Considering the effect of the large-scale environment
n the galaxy evolution, it was hypothesized that NLS1s residing
n dense environments might be ahead in the evolution compared
o their counterparts residing in low-density regions, and might be

ore likely to harbour jets. Thus, 25 NLS1s residing in supercluster
arge-scale environments, defined as having the luminosity–density
 3 × the average, were selected for monitoring. The other sample
as selected using two different criteria. First, we selected sources

hat based on the extrapolation of their SEDs looked like they could
e detectable at 37 GHz, and second, we chose sources whose optical
r X-ray brightness was unusually high compared to their archi v al
adio detection, indicating that they occasionally could be bright also
n radio. 

Eight NLS1s from these samples, four from each, were detected at
ux density levels of several hundred mJy (L ̈ahteenm ̈aki et al. 2018 ).
hat makes these sources extraordinary is that most of them had

een deemed to be radio-silent or had only very faint previous radio
etections. Sev en sources hav e been detected sev eral times, strongly
uggesting that these are genuine detections of recurrent radio flares
n these sources. Based on these initial detections and the MRO
etection threshold of ∼200 mJy the amplitude in these sources varies
t least by a factor of 2–7 and on a time-scale of days to weeks. The
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ost likely emission mechanism to produce such high-amplitude, 
apid variability at a radio frequency this high is the synchrotron 
mission of a relativistic jet (however, see Section 5 ). Additional 
vidence was obtained when one of the sources was identified as
 new gamma-ray emitter and has since been seen brightening in 
-rays soon after an MRO-detected flare (Romano et al. 2023 ). 

.2 Follow-up radio imaging in the L , C , and X bands 

nly two of these sources had previous radio detections, and only at
Jy levels at 1.4 GHz in the Faint Images of the Radio Sky at Twenty-
entimeters surv e y (FIRST, Becker, White & Helf and 1995 ; Helf and,
hite & Becker 2015 ) and the NRAO Very Large Array (VLA) Sky

urv e y (Condon et al. 1998 ), while the rest were non-detections,
eaning their flux densities were below the FIRST detection limit 

f 1 mJy. To decipher this puzzling behaviour and to discriminate 
etween the different hypotheses of their nature, the sources with 
everal MRO detections were observed with the Karl G. Jansky VLA 

JVLA) in A-configuration in L , C , and X bands, that is, at 1.6, 5.2,
nd 9.0 GHz, respectively. Instead of clarifying the situation, these 
bservations raised more questions. Two of the sources were non- 
etections and the remaining sources had flux densities ranging from 

 few tens of μJy to a few mJy, all of them consistently showing steep
pectra below 9 GHz (see fig. 6 in Berton et al. 2020b ). Three of them
howed slightly extended radio morphology. In a closer inspection, 
 xploiting spatially resolv ed spectral inde x maps, it was found that at
east two of these sources show signs of flat core spectrum (J ̈arvel ̈a,
erton & Crepaldi 2021 ) and thus the presence of a partially optically

hick radio core. The JVLA and the MRO observations are not 
imultaneous, but such an extreme, similar behaviour observed in 
everal sources indicates that it is real, not just a curiosity. 

Ho we ver, the beam size of MRO ( ∼2 arcmin) is considerably
arger than the beam size of the JVLA in A-configuration ( ∼arcsec
cale). It is therefore important to consider the possibility that the 
iscrepancy between the flux densities of the JVLA and MRO could 
rise from different beam sizes. This seems improbable when taking 
nto account the properties of the emission. Due to the redshift of
hese sources, the JVLA observations probe kpc-scale structures. 
he angular sizes of these sources in the optical band are between
 and 12 arcsec, so we were able to see the whole galaxy in the
VLA observations, in which the smallest field of view – at 9 GHz

was 4.7 arcmin. It is hard to explain such strong and variable
adio emission in the outskirts of, or even outside, a galaxy. Due to
he rapid variability, indicating a small emitting region, it is highly 
mprobable that resolved-out structures could be responsible for this 
mission. Furthermore, contamination by nearby sources was ruled 
ut in L ̈ahteenm ̈aki et al. ( 2018 ). It can thus be assumed that the JVLA
nd MRO probe the same phenomenon. The effects of different beam 

izes are further discussed in Section 5.2.1 . 

.3 Exploring alternati v e explanations 

ince the low-frequency flux densities are consistent with FIRST 

here is no need to assume that these NLS1s have undergone drastic
hanges, for example, triggering of jets (Nyland et al. 2020 ), but it
annot be ruled out either. Thanks to the MRO data we know these
ources most likely host relativistic jets, but their radio emission 
elow 9 GHz ( X band) seems to be consistent with star formation,
ith little or no contribution from the AGN. Extrapolating, or even 

ssuming a flat radio spectrum up to 37 GHz would mean that
n the quiescent state, the flux density would be less than a mJy,
hich, in the most extreme case, would require a 9000-fold increase 
uring flares. This would be very extreme, and a more plausible
xplanation is that the spectrum turns inverted at some point abo v e
 GHz, as indicated by the MRO data. This kind of behaviour is
ommonly seen in kinematically young AGN, for example, high- 
requency peakers and gigahertz-peaked sources (O’Dea & Saikia 
021 ). In these sources, the conv e x radio spectrum is explained
y synchrotron self-absorption (SSA) in a young, parsec-scale jet. 
o we ver, e ven in these sources, the peak frequency does not usually

xceed 10–15 GHz, which in contrast seems to be the case in our
ources. 

An alternative to SSA could be free–free absorption (FFA), which 
lso allows more inverted spectral indices than SSA (Rodriguez et al.
993 ), requiring less extreme variability at 37 GHz. Some cases
here the turno v er frequenc y stays consistently high have been found

tens of GHz, Doi et al. 2016 ), and usually this behaviour is explained
y FFA. This could be the case also in these NLS1s: if these sources
re kinematically young AGN, FFA could happen in the shocked 
onized ambient clouds in front of the jet head (O’Dea & Saikia
021 ). Alternatively, the required ionized gas could be provided 
y the enhanced circumnuclear star formation activity often seen in 
LS1s (Sani et al. 2010 ; Winkel et al. 2022 ). Either way, these NLS1s
ith jets that are almost totally absorbed at low radio frequencies

eriously challenge the use of the radio loudness parameter as a
niversal proxy for the jet activity of AGN, and urge us to expand
ur horizons when it comes to our understanding of the diversity of
GN jets. 
To discern between these alternatives, we observed seven of these 

ources with the JVLA in X , Ku , K , Ka , and Q bands. These
bservations were complemented by Very Long Baseline Array 
VLBA) observations at 15 GHz, and single-dish observations at 
5 and 37 GHz, using the OVRO 40-m telescope and the MRO
elescope, respectively. In Section 2 , we introduce the sample, in
ections 3.1 –3.4 , we describe the performed observations, and the
ata reduction and analysis, in Section 4 , we present our results,
n Section 5 , these results and their implications are discussed,
nd in Section 6 , we provide a brief summary of this work.
hroughout this paper, we adopt a standard lambda-cold dark matter 
osmology, with a Hubble constant H 0 = 72 km s −1 Mpc −1 , and
� 

= 0 . 73. 

 SAMPLE  

he sample includes seven radio-weak NLS1s repeatedly detected at 
y-level flux densities at 37 GHz at MRO. The eighth such source was
ropped because it was detected only once. As discussed earlier, these 
ources were originally selected for the MR O A GN monitoring based
n their dense large-scale environments (J ̈arvel ̈a et al. 2017 ) or SEDs
hat suggested that they could be detectable at high radio frequencies
J ̈arvel ̈a et al. 2015 ). The black hole masses were estimated in
 ̈arvel ̈a et al. ( 2015 ) and L ̈ahteenm ̈aki et al. ( 2018 ) using the virial
ethod. Specifically, the estimates are based on the FWHM of the
 β line, FWHM(H β), and the monochromatic luminosity at 5100 
following the relation given in Greene & Ho ( 2005 ). The basic

roperties of the sample are summarized in Table 1 . 
These sources are very similar to the general NLS1 population: 

ll have a black hole mass less than 10 8 M � (J ̈arvel ̈a et al. 2015 ;
 ̈ahteenm ̈aki et al. 2018 ), and based on a photometric decomposition
f their near-infrared images six of them are hosted in a disc-like host
alaxy (J ̈arvel ̈a et al. 2018 ; Olgu ́ın-Iglesias et al. 2020 ; Varglund et al.
022 ), whereas, based on e xtensiv e literature search, the morphology
f the highest- z source is unknown. 
MNRAS 532, 3069–3101 (2024) 



3072 E. J ̈arvel ̈a et al. 

M

Table 1. Basic properties of the sample. 

SDSS name Short alias 
RA 

(hh mm ss.s) 
Dec. 

(dd mm ss.s) z 

Scale 
(kpc/arcmin) 

log M BH 

M �
Large-scale 
environment Host 

J102906.69 + 555625.2 G J1029 + 5556 10 29 06.69 + 55 56 25.25 0.451 5.662 7.33 Supercluster –
J122844.81 + 501751.2 Ka J1228 + 5017 12 28 44.82 + 50 17 51.24 0.262 3.957 6.84 Supercluster Disc c 

J123220.11 + 495721.8 X J1232 + 4957 12 32 20.12 + 49 57 21.82 0.262 3.957 7.30 Supercluster Disc c 

J150916.18 + 613716.7 G J1509 + 6137 15 09 16.17 + 61 37 16.80 0.201 3.235 6.66 Void Disc c 

J151020.06 + 554722.0 X J1510 + 5547 15 10 20.05 + 55 47 22.11 0.150 2.550 6.66 Intermediate Disc, bar a 

J152205.41 + 393441.3 Ka J1522 + 3934 15 22 05.50 + 39 34 40.45 0.077 1.420 5.97 Void Disc, bar, PB 

a , merger 
J164100.10 + 345452.7 Ka J1641 + 3454 16 41 00.10 + 34 54 52.67 0.164 2.746 7.15 Intermediate Disc b 

Notes. Columns: (1) source name in the SDSS, the superscript indicates the band the coordinates are from, G stands for Gaia , Ka for Ka band (33 GHz), and X 

for X band (10 GHz); (2) short name; (3) and (4) right ascension and declination (J2000); (5) redshift; (6) scale at the redshift of the source; (7) logarithmic 
black hole mass, taken from L ̈ahteenm ̈aki et al. ( 2018 ); (8) large-scale environment, taken from J ̈arvel ̈a et al. ( 2017 ); and (9) host galaxy morphology. PB = 

pseudo-bulge, taken from 

a J ̈arvel ̈a, L ̈ahteenm ̈aki & Berton ( 2018 ), b Olgu ́ın-Iglesias et al. ( 2020 ), and c Varglund et al. ( 2022 ). 
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Table 2. Summary of the single-dish observations published here. 

Name MRO OVRO 

Start date N det / N obs Start date N det / N obs 

J1029 + 5556 2014-09-28 3/49 2020-06-30 1/81 
J1228 + 5017 2014-09-08 7/46 2020-06-18 0/93 
J1232 + 4957 2014-04-17 7/66 2020-06-20 0/83 
J1509 + 6137 2014-09-08 23/91 2020-07-09 0/82 
J1510 + 5547 2014-03-19 19/107 2020-06-19 0/75 
J1522 + 3934 2014-05-07 5/129 2020-06-06 4/88 
J1641 + 3454 2014-04-01 12/821 2020-06-05 1/87 

Notes. Columns: (1) source name; (2) date the MRO observations were started; 
(3) number of detections and observations at MRO; (4) date the OVRO 

observations were started; and (5) number of detections and observations at 
OVRO. 
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 DATA  

.1 Karl G. J ansk y Very Large Array 

.1.1 Observations and pre-processing 

e observed our sample with the JVLA in A-configuration in five
ifferent bands, X , Ku , K , Ka , and Q , centred at 10, 15, 22, 33,
nd 45 GHz, respectively (Project VLA/22A-002, PI: J ̈arvel ̈a). The
ates and integration times of the JVLA observations are given in
able A1 . The total bandwidth was 4 GHz in X , 6 GHz in Ku , and
 GHz in K , Ka , and Q bands, each band divided to 128 MHz sub-
ands, consisting of 64 channels of 2 MHz. The NLS1 (Berton et al.
017 ) 3C 286 was used as the bandpass and flux density calibrator
or each source, and each source had an individual nearby, bright
ource that was used as the complex gain calibrator. The pointing
ffset calibration was done either at 3C 286 or the current complex
ain calibrator. The expected thermal noise levels were 7, 7, 12, 12,
nd 25 μJy beam 

−1 in X , Ku , K , Ka , and Q , respectively. We were
ble to reach these levels in most cases. 

We used the Science Ready Data Products (SRDP) provided
y the NRAO. The data were calibrated using the VLA Imaging
ipeline 2022.2.0.64. In addition, the data were checked manually
nd any remaining bad data were flagged, producing the SRDP
easurement set for each source. We also rechecked all the data
anually, but no additional flagging was required. In further data

rocessing and analysis, we used the Common Astronomy Software
pplications ( CASA ) version 6.2.1–7. We split the data of our sources

rom the measurement set separately in each band averaging over
ime ( timebin = 10 s) and frequency ( width = 64, to average
4 channels to form one output channel per sub-band). Before the
ctual imaging of the targets, we produced radio maps of the size
f 2.7 arcmin × 2.7 arcmin, or the whole primary beam, to check
he whole beam of the MRO and OVRO telescopes to identify any
ther sources of radio emission within them. We did not find other
trong radio emitters in any of these fields, further supporting the
ssumption that the radio emission detected at MRO is coming from
he NLS1 nucleus. 

.1.2 Radio maps and measurements 

e used the tclean algorithm with interactive cleaning in CASA to
roduce the radio images of our sources. The cell size was chosen
o that the synthesized beam is properly sampled, meaning a cell
ize of 250, 150, 100, 70, and 50 mas in X , Ku , K , Ka , and Q bands,
espectively. The image size was chosen so that the whole galaxy fits
nto the image, taking into account the varying cell sizes in different
NRAS 532, 3069–3101 (2024) 
ands, and the redshifts of our sources. We used Briggs weighting,
ith robust = 1.8, in all cases. Some sources appear to be slightly
exagonal (e.g. J1522 + 3439), possibly due to the sidelobes. In these
ases, we trialled with robust values closer to uniform weighting
o suppress the sidelobes but there was no visible difference, so we
ecided to maximize the sensitivity and use the same robustness value
or all sources. No source was bright enough to be self-calibrated. We
sed the mtmfs deconvolver with nterms = 2 and scales = 0 in
ase some sources would be bright and extended enough to produce
patially resolved in-band spectral index maps, which turned out not
o be the case. Ho we ver, due to this, we did the wide-band primary
eam correction separately with widebandpbcor . 

We fitted each detected source with the CASA task imfit using
 2D Gaussian to obtain the central coordinates and the peak flux
ensity and its error. In cases of extended sources we measured the
mission inside the 3 σ contour, and estimated its error by multiplying
he rms by the square root of the emitting region area expressed in
eams. The rms for each map was measured in an empty region of
ky far from the central source. In case the source was not detected,
e report 3 σ upper limits. The results are given in Table 3 , and the

adio maps are shown in Appendix B . 

.2 Very Long Baseline Array 

.2.1 Observations 

e observed our sample also on milliarcsecond scale using the
LBA in the Ku band, centred at 15.1 GHz (Project BJ 109, PI:
 ̈arvel ̈a). The observations were carried out during one 10 h long
xperiment on 2022 February 08. The recording setup used the
igital Downconverter system of the Roach Digital Backend with
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Table 3. Interferometric data for the sample. 

Source Array Band Frequency S peak S int Rms νL ν, peak νL ν, int Beam size Beam PA 

(GHz) (mJy beam 

−1 ) (mJy) ( μJy beam 

−1 ) (10 39 erg s −1 ) (10 39 erg s −1 ) (‘ × ’) (deg) 

J1029 + 5556 
JVLA X 10.0 < 0.021 7 0.321 × 0.213 −85 . 0 
JVLA Ku 15.0 < 0.015 5 0.222 × 0.150 −82 . 3 
JVLA K 22.0 < 0.024 8 0.145 × 0.104 −84 . 3 
JVLA Ka 33.0 < 0.036 12 0.097 × 0.082 74.0 
JVLA Q 45.0 < 0.150 50 0.109 × 0.089 16.7 
VLBA Ku 15.1 < 0.348 58 1.020 mas × 0.550 mas −1 . 8 

J1228 + 5017 
JVLA X 10.0 0.128 ± 0.005 0.129 ± 0.010 7 2.027 2.043 0.294 × 0.223 88.2 
JVLA Ku 15.0 0.114 ± 0.006 0.117 ± 0.009 6 2.708 2.779 0.191 × 0.142 −83 . 4 
JVLA K 22.0 0.120 ± 0.007 9 4.181 0.129 × 0.094 −82 . 0 
JVLA Ka 33.0 0.102 ± 0.011 12 5.331 0.083 × 0.064 −80 . 2 
JVLA Q 45.0 < 0.093 31 0.060 × 0.050 −81 . 9 
VLBA Ku 15.1 < 0.348 58 1.030 mas × 0.570 mas 16.3 
LoTSS 0.144 2.374 ± 0.056 2.948 ± 0.112 53 6.000 × 6.000 

J1232 + 4957 
JVLA X 10.0 0.033 ± 0.006 7 0.523 0.240 × 0.215 −66 . 2 
JVLA Ku 15.0 0.018 ± 0.001 5 0.428 0.159 × 0.141 −56 . 2 
JVLA K 22.0 < 0.024 8 0.110 × 0.091 −61 . 1 
JVLA Ka 33.0 < 0.033 11 0.071 × 0.065 −49 . 1 
JVLA Q 45.0 < 0.090 30 0.053 × 0.052 50.5 
VLBA Ku 15.1 < 0.348 58 1.040 mas × 0.580 mas 15.7 
LoTSS 0.144 0.350 ± 0.050 0.348 ± 0.087 51 6.000 × 6.000 

J1509 + 6137 
JVLA X 10.0 < 0.021 7 0.261 × 0.204 43.0 
JVLA Ku 15.0 < 0.018 6 0.171 × 0.133 33.4 
JVLA K 22.0 < 0.027 9 0.116 × 0.092 37.3 
JVLA Ka 33.0 < 0.039 13 0.080 × 0.061 44.6 
JVLA Q 45.0 < 0.105 35 0.061 × 0.052 61.0 
VLBA Ku 15.1 < 0.360 60 0.980 mas × 0.560 mas 0.1 

J1510 + 5547 
JVLA X 10.0 < 0.024 8 0.240 × 0.225 49.7 
JVLA Ku 15.0 < 0.018 6 0.162 × 0.153 52.1 
JVLA K 22.0 < 0.027 9 0.109 × 0.095 48.5 
JVLA Ka 33.0 < 0.039 13 0.074 × 0.064 53.6 
JVLA Q 45.0 < 0.105 35 0.059 × 0.051 74.0 
VLBA Ku 15.1 < 0.348 58 0.940 mas × 0.570 mas 0.1 
LoTSS 0.144 0.521 ± 0.084 0.597 ± 0.164 85 6.000 × 6.000 

J1522 + 3934 
JVLA X 10.0 0.214 ± 0.008 0.234 ± 0.014 8 0.274 0.299 0.248 × 0.213 −88 . 7 
JVLA Ku 15.0 0.173 ± 0.007 0.177 ± 0.010 6 0.332 0.339 0.162 × 0.142 82.4 
JVLA K 22.0 0.148 ± 0.006 9 0.416 0.114 × 0.106 50.0 
JVLA Ka 33.0 0.105 ± 0.010 13 0.443 0.095 × 0.069 76.8 
JVLA Q 45.0 < 0.102 34 0.067 × 0.048 −83 . 7 
VLBA Ku 15.1 < 0.348 58 1.060 mas × 0.560 mas −4 . 1 
LoTSS 0.144 5.833 ± 0.075 13.599 ± 0.240 71 6.000 × 6.000 
RACS 1.3675 3.346 ± 0.307 3.530 ± 0.551 23.050 × 8.440 171.7 

VLASS1 3.0 1.040 ± 0.00 2.500 × 2.500 
VLASS2 3.0 1.008 ± 0.148 1.957 ± 0.411 2.500 × 2.500 

J1641 + 3454 
JVLA X 10.0 0.231 ± 0.012 0.424 ± 0.019 7 1.389 2.549 0.259 × 0.210 −80 . 5 
JVLA Ku 15.0 0.170 ± 0.006 0.209 ± 0.010 5 1.533 1.885 0.174 × 0.146 −73 . 6 
JVLA K 22.0 0.118 ± 0.009 8 1.561 0.117 × 0.096 −75 . 9 
JVLA Ka 33.0 0.082 ± 0.012 0.092 ± 0.014 11 1.627 1.825 0.103 × 0.065 −84 . 0 
JVLA Q 45.0 < 0.099 33 0.071 × 0.049 −77 . 9 
VLBA Ku 15.1 < 0.348 58 1.090 mas × 0.550 mas 3.0 
LoTSS 0.144 7.464 ± 0.100 13.415 ± 0.462 100 6.000 × 6.000 
RACS 1.3675 2.744 ± 0.216 3.377 ± 0.433 19.520 × 9.650 178.9 

VLASS1 3.0 0.965 ± 0.118 1.385 ± 0.266 2.500 × 2.500 
VLASS2 3.0 1.034 ± 0.145 1.942 ± 0.340 2.500 × 2.500 

Notes. Columns: (1) source; (2) array; (3); band used for the observation; (4) central frequency used for the observation; (5) peak flux density, or an upper limit 
(3 σ for the JVLA and 6 σ for the VLBA); (6) integrated flux density; (7) rms level of the observation; (8) peak radio luminosity; (9) integrated radio luminosity; 
(10) clean beam size, in mas for the VLBA observations; and (11) beam position angle. 
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our 128 MHz wide sub-bands – giving a total bandwidth of 512 MHz
two circular polarizations, and two-bit sampling, resulting in a total

ecording rate of 4 Gbps. 
Due to the potentially low compact flux densities of the target

ources, the observations were carried out using the standard phase-
eferencing technique, that is, a rapid switching between the target
nd a nearby calibrator. The phase-reference calibrators together with
heir distances from the targets, their VLBI scale flux densities, and
he used source-switching duty cycles are given in Table A2 . Each
arget source had 38 min total on-source integration time. Bright
SRQs 3C 279 and 3C 345 were observed for two 5 min long scans
nd for three 3 min long scans, respectiv ely. The y were used as fringe
nders and, more importantly, as calibrator sources for determining

nstrumental delays and bandpass shapes. Nine out of ten VLBA
ntennas participated in the observations since Hancock was out due
o a frozen focus/rotation mount. 

.2.2 Data reduction 

he recorded station data were correlated with the VLBA DiFX
orrelator in Socorro using 0.5 MHz wide spectral channels and 1 s
orrelator integration time. This allo ws a relati vely wide field of view,
 4 arcsec from the phase centre, to be searched for compact sources.
The data were calibrated in the Astronomical Image Processing

ystem ( AIPS ; Greisen 2003 ) using standard procedures for phase-
eferencing observations. The calibration started with a priori correc-
ions to the station parallactic angle, updates to the Earth Orientation
 arameters, and first-order remo v al of dispersi ve ionospheric delays
sing total electron content maps derived from the Global Navigation
atellite System data. Instrumental delays and phase offsets between
ub-bands were remo v ed by fringe-fitting a single scan of the
right calibrator 3C 279. A priori amplitude calibration included
orrections to sampler threshold levels by using autocorrelations,
andpass calibration using again a scan on 3C 279, and conversion of
aw correlator coefficients to Janskys by applying measured system
emperatures and gain curves. 

The phase reference calibrators as well as the bright calibrators
C 279 and 3C 345 were fringe-fitted using the AIPS task FRING and
ombining sub-bands and using an integration time of either 2 min
r the scan length, whichever was shorter. The fringe-fitting gave
xcellent results; the percentage of failed solutions was typically
1 per cent. The fringe-fitting solutions from the phase-reference

alibrators were applied to both the calibrators and the target sources.
he relative R-L delays were corrected by cross-hand fringe-fitting
f a single scan of 3C 279. After this step, we imaged the calibrator
ata in DIFMAP (Shepherd 1997 ) and loaded the images back to AIPS .
he calibrator images were used to derive phase self-calibration
olutions for the calibrator data using the AIPS task CALIB and 10 s
ntegration times. These phase solutions were then applied to the
arget sources. As the last correction, we also used the amplitude
elf-calibration solutions from imaging the bright calibrators 3C 279
nd 3C 345 to fine-tune the amplitude calibration for those antennas
nd sub-bands that had an average amplitude self-calibration solution
eviating more than 5 per cent from unity. After this step, the target
ata were ready for imaging. 

.2.3 Imaging and searching for the target sources 

hile we had quite accurate a priori positions of the target sources
ased on the previous JVLA data (positional uncertainties less than
0 mas), we still wanted to search for an area that co v ers most of
NRAS 532, 3069–3101 (2024) 
he galaxy in case the variable emission seen in the single-dish data
oes not come from the JVLA core. To achieve this, for each target
ource we generated a set of naturally weighted images with a field of
iew of 820 ×820 mas that co v ered an area of 7.4 arcsec × 7.4 arcsec
entred on the JVLA position using the multifield option of the
IPS task IMAGR . The image rms was ∼ 60 μJy beam 

−1 for all the
arget sources which is at the expected thermal noise level. Since
e searched for a large area co v ering one million synthesized beam

reas per image, we set the detection threshold to 6 σ to a v oid picking
oise spikes. No sources were detected, and in Table 3 , we quote 6 σ
pper limits for the VLBA data. 

.3 Single-dish data 

n addition to radio interferometric data, we obtained non-
imultaneous single-dish monitoring data for all of these sources
rom MRO and OVRO; these data will be published here. These
bservations are summarised in Table 2 and the detections from
hese monitoring programmes are shown in Table 4 . We also have 1–
 epochs of single-dish observations per source from the Effelsberg
00-m radio telescope between 4.5 and 45 GHz, and one epoch
f 2 and 1.15 mm observations with the New IRAM Kids Arrays
nstrument on the Institut de Radioastronomie Millim ́etrique (IRAM)
0-m radio telescope on Pico Veleta for five sources. The Effelsberg
nd IRAM data, complemented by MRO and OVRO data from the
ame time period, will be published in an upcoming paper. 

.3.1 Mets ̈ahovi Radio Observatory 

he measurements included in this study are part of the large ongoing
GN monitoring programme at 37 GHz with the 13.7-m radio

elescope at MRO. The observations are made with a 1 GHz-band
ual beam receiver centred at 36.8 GHz. The beam full-width at
alf power is 144 arcsec. The observations are on–on observations,
lternating the source and the sky in each feed horn. A typical
ntegration time to obtain one flux density data point of a faint source
s 1800 s. The sensitivity is limited by sky noise due to the location of
he telescope, and it has been experimentally shown that the results
o not significantly impro v e after the maximum integration time of
800 s. The detection limit of the telescope at 37 GHz is of the order
f 200 mJy under optimal conditions. Data points with an S/N (signal-
o-noise ratio) < 4 are handled as non-detections. The flux density
cale is set by observations of DR 21. Sources NGC 7027, 3C 274,
nd 3C 84 are used as secondary calibrators. A detailed description
f the data reduction and analysis is given in Ter ̈asranta et al. ( 1998 ).
he error estimate in the flux density includes the contribution from

he measurement rms and the uncertainty of the absolute calibration
currently set to 3 per cent). The upper limits are 4 σ upper limits
ased on the measurement rms. Additional details regarding the MRO
bservations are given in Appendix A2 . The data included in this
ork have been taken between 2014 March and 2022 June. 

.3.2 Owens Valley Radio Observatory 

he 15 GHz observations were carried out as part of the general
wens Valley Radio Observatory (OVRO) 40 m radio telescope
GN monitoring programme. This telescope uses off-axis dual-beam
ptics and a cryogenic receiver with a 15.0 GHz centre frequency
nd 3 GHz bandwidth. The beam full-width at half power is 157
rcsec. The observations are carried out in on–on fashion to remo v e
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Table 4. Single-dish detections for our sources. 

Source Telescope Frequency S int Date 
(GHz) (mJy) (dec. yr) 

J1029 + 5556 
MRO 37.0 520 ± 80 2016.363276 
MRO 37.0 340 ± 80 2017.402475 
MRO 37.0 400 ± 80 2017.413284 

OVRO 15.0 33.2 ± 3.3 2020.569700 
J1228 + 5017 

MRO 37.0 390 ± 60 2015.435445 
MRO 37.0 350 ± 70 2016.412445 
MRO 37.0 480 ± 70 2016.415172 
MRO 37.0 300 ± 70 2016.535148 
MRO 37.0 510 ± 100 2017.404414 
MRO 37.0 470 ± 70 2019.248600 
MRO 37.0 530 ± 100 2019.369877 

J1232 + 4957 
MRO 37.0 320 ± 60 2014.290645 
MRO 37.0 410 ± 80 2016.125413 
MRO 37.0 530 ± 70 2016.130824 
MRO 37.0 560 ± 130 2017.40169 
MRO 37.0 370 ± 80 2018.907172 
MRO 37.0 560 ± 90 2019.248668 
MRO 37.0 590 ± 120 2019.89896 

J1509 + 6137 
MRO 37.0 670 ± 130 2015.454862 
MRO 37.0 840 ± 140 2015.457565 
MRO 37.0 660 ± 70 2016.396338 
MRO 37.0 480 ± 100 2016.412707 
MRO 37.0 480 ± 100 2016.415428 
MRO 37.0 810 ± 180 2016.418182 
MRO 37.0 510 ± 120 2017.391984 
MRO 37.0 970 ± 140 2017.39745 
MRO 37.0 610 ± 90 2017.413817 
MRO 37.0 450 ± 90 2017.419258 
MRO 37.0 660 ± 120 2017.454812 
MRO 37.0 820 ± 120 2017.473956 
MRO 37.0 820 ± 130 2017.520388 
MRO 37.0 520 ± 100 2018.54222 
MRO 37.0 850 ± 120 2019.012217 
MRO 37.0 1000 ± 160 2019.37014 
MRO 37.0 1020 ± 160 2019.381063 
MRO 37.0 610 ± 110 2019.564088 
MRO 37.0 680 ± 120 2019.698009 
MRO 37.0 700 ± 170 2020.399100 
MRO 37.0 640 ± 130 2020.407293 
MRO 37.0 790 ± 130 2021.725315 
MRO 37.0 620 ± 130 2021.881091 

J1510 + 5547 
MRO 37.0 380 ± 80 2015.506706 
MRO 37.0 370 ± 70 2015.784329 
MRO 37.0 510 ± 60 2015.798000 
MRO 37.0 450 ± 90 2015.801756 
MRO 37.0 330 ± 70 2016.396263 
MRO 37.0 490 ± 80 2016.412639 
MRO 37.0 430 ± 80 2016.415360 
MRO 37.0 570 ± 90 2016.418114 
MRO 37.0 290 ± 70 2016.426339 
MRO 37.0 830 ± 140 2016.535468 
MRO 37.0 560 ± 100 2017.056030 
MRO 37.0 340 ± 80 2017.288073 
MRO 37.0 360 ± 90 2017.413749 
MRO 37.0 530 ± 90 2017.41666 
MRO 37.0 350 ± 90 2018.165158 
MRO 37.0 740 ± 110 2018.457715 
MRO 37.0 390 ± 60 2018.531227 
MRO 37.0 370 ± 80 2018.637850 
MRO 37.0 590 ± 110 2019.569528 

Table 4 – continued 

Source Telescope Frequency S int Date 
(GHz) (mJy) (dec. yr) 

J1522 + 3934 
MRO 37.0 360 ± 70 2014.397397 
MRO 37.0 300 ± 60 2017.071323 
MRO 37.0 1430 ± 120 2017.221661 
MRO 37.0 280 ± 60 2018.110510 
MRO 37.0 540 ± 110 2021.960079 

OVRO 15.0 7.5 ± 1.7 2020.430300 
OVRO 15.0 45.3 ± 3.0 2020.875700 
OVRO 15.0 23.3 ± 1.9 2021.872600 
OVRO 15.0 19.9 ± 2.0 2021.872600 

J1641 + 3454 
MRO 37.0 460 ±80 2015.993015 
MRO 37.0 280 ±70 2018.208142 
MRO 37.0 370 ±90 2019.643459 
MRO 37.0 650 ±120 2019.684388 
MRO 37.0 380 ±90 2020.395579 
MRO 37.0 510 ±110 2020.399177 
MRO 37.0 490 ±120 2021.265503 
MRO 37.0 480 ±110 2021.281906 
MRO 37.0 480 ±90 2021.689678 
MRO 37.0 350 ±80 2021.779156 
MRO 37.0 430 ±100 2022.172608 

OVRO 15.0 30.5 ± 3.3 2021.842500 

Notes . Columns: (1) source; (2) telescope; (3) central frequency of the 
observation; (4) flux density and its error; and (5) date of the observation. 
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tmospheric and ground contamination. In 2014 May, a new pseudo- 
orrelation receiver was installed on the 40 m telescope and the
ast gain variations are corrected using a 180-deg phase switch. 
alibration is achieved using a temperature-stable diode noise source 

o remo v e receiv er gain drifts and the flux density scale is derived
rom observations of 3C 286 assuming the Baars et al. ( 1977 ) value
f 3.44 Jy at 15.0 GHz. The systematic uncertainty of about 5 per cent
n the flux density scale is included in the error bars. The upper limits
re 4 σ upper limits based on the measurement rms. Complete details
f the reduction and calibration procedure are found in Richards et al.
 2011 ) and more details specific to the NLS1 observations are given
n Appendix A3 . 

These seven sources were added to the OVR O A GN monitoring
rogramme in 2020 July, and since then three of them have been de-
ected with S/N > 4. This paper includes OVRO data until 2022 June.

.4 Archi v al data 

n addition to the new data obtained, we also used already published
nd archi v al data. First, we included the JVLA A-configuration L -
 C -, and X -band data from Berton et al. ( 2020b ) taken in 2019
eptember. Then, we used the High Energy Astrophysics Science 
rchive Research Center’s (HEASARC) Xamin 2 to search for any 

rchi v al radio detections of our sources. From this search, the only
etections were the already known FIRST 1.4 GHz detections of 
1522 + 3934 and J1641 + 3454. In addition, we queried the LoTSS
ata Release 2 (DR2) at 144 MHz (Shimwell et al. 2022 ), TIFR
iant Metrewave Radio Telescope (GMRT) Sky Survey (TGSS) 

Intema et al. 2017 ) at 150 MHz, the Rapid Australian Square
ilometre Array Pathfinder (ASKAP) Continuum Survey (RACS- 
id) at 1367.5 MHz (Duchesne et al. 2024 ), and the NRAO VLASS

t 3 GHz (Gordon et al. 2021 ). Of these, LoTSS, RACS-mid, and
MNRAS 532, 3069–3101 (2024) 

 https:// heasarc.gsfc.nasa.gov/ xamin/ 

https://heasarc.gsfc.nasa.gov/xamin/
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M

Figure 1. Symbols explained in the figures. Filled symbols denote integrated flux densities and empty symbols mark peak flux densities, except empty symbols 
with do wnward arro ws that are used for upper limits. VLA 1 data from Berton et al. ( 2020b ) and VLA 2 data from this paper. The PL and BPL fits shown are 
the fits to the peak flux densities. 
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LASS yielded detections. These data are discussed in detail in the
ndividual source sections and the detections are shown in Table 3 . 

LoTSS has a central frequency of 144 MHz (band 120–168 MHz).
ll of our sources reside within the published region of the sky. The

esolution of LoTSS DR2 is 6 arcsec, the median rms sensitivity
s 83 μJy beam 

−1 , the flux density scale accuracy is ∼10 per cent,
nd the astrometric accuracy is 0.2 arcsec. We used a 1.2 arcmin
earch radius to check the whole MRO beam area. In addition, we
heck ed the Stok es I continuum radio maps to correctly identify
he NLS1, and any other possible radio sources, and to visually
ross-match the radio sources with any optical/near-infrared sources
sing Panoramic Survey Telescope and Rapid Response System
Pan-STARRS) DR1 (Chambers et al. 2016 ), Two Micron All Sky
urv e y (2MASS, Skrutskie et al. 2006 ), Wide-field Infrared Survey
xplorer ( WISE ) allWISE Release (Wright et al. 2010 ), and Infrared
stronomical Satellite ( IRAS ) Impro v ed Reprocessing of the IRAS
urv e y 3 data (Neugebauer et al. 1984 ; Miville-Desch ̂ enes & Lagache
005 ). RACS-mid has a central frequency of 1367.5 MHz, with an
NRAS 532, 3069–3101 (2024) 

f fecti ve bandwidth of 144 MHz. The median resolution for the 

 https:// www.ipac.caltech.edu/ doi/ irsa/ 10.26131/ IRSA94 

l

ν

urv e y is 11.2 arcsec × 9.3 arcsec, but it changes as a function of
le v ation, being the highest close to the zenith and lowest at low
le v ations. The median rms noise of RACS-mid is 200 μJy PSF 

−1 .
e used the same search radius as for LoTSS. 
Last, we included NRAO VLASS Epoch 1 and 2 data. The angular

esolution of VLASS is ∼2.5 arcsec, and it co v ers the entire sky north
f δ = −40 deg . In this paper, we use data based on the Quick Look
nd single epoch imaging, which have a systematic ∼15 per cent
nderestimation of the flux density values at S peak > 3 mJy beam 

−1 .
e used the same search radius as for LoTSS. 

 RESULTS  A N D  ANALYSI S  

he results for each source are given in the following sections. All the
adio spectra are shown in Fig 1 a–g, interferometric data are available
n Table 3 , and single-dish data in Table 4 . In addition to the radio
ap measurements, we calculated the redshift- and k -corrected radio

uminosities as: 

L ν = 

4 πνS νd 
2 
L 

(1 + z) (1 + α) 
[ erg s −1 ] , (1) 

https://www.ipac.caltech.edu/doi/irsa/10.26131/IRSA94
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Figure 1. continued . 
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here ν is the central frequency of the band in Hz, S ν the observed
ux density in erg s −1 cm 

−2 Hz −1 , d 2 L the luminosity distance in cm,
nd α the spectral index of the emission. For simplicity, we used α =
 in all calculations. Even drastic changes in α do not significantly 
ffect the luminosity, that is, the order of magnitude remains the 
ame. Furthermore, since our sources are variable they do not have a
haracteristic spectral index. The luminosities are given in the Tables 
n the following sections for individual sources. 

Since our sources are only marginally extended or point-like 
nd their JVLA spectra show a consistent slope throughout the 
etected bands, it is unlikely that in-band spectral index maps could 
ield significant new information regarding their spectral properties. 
hus, we calculated only the traditional spectral indices between 
ew detections with interferometric arrays using both the peak flux 
ensities and the integrated flux densities. These results are shown 
n Table 5 . 

Additionally, we fit the data, peak and integrated flux densities 
eparately, with a power law (PL) and a broken power law (BPL). We
hose to use a BPL instead of a model with spectral curvature since we
o not see strong curvature, such as in peaked sources, in any of our
ources, and thus it is not likely that using a spectral curvature model
ould yield better or more informative results than the BPL model. 
e modelled the spectra with scipy.optimize.curve fit , 
d  
aking the errors into account. For the PL, we fit the usual function 

 ( ν) = A × να, (2) 

where S ( ν) is the flux density at frequency ν, A is a constant, and
is the spectral inde x. F or the BPL, we used a function of the form 

 ( ν) = 

{ 

A × (
ν
νb 

)α1 when ν < νb 

A × (
ν
νb 

)α2 when ν ≥ νb 

(3) 

where νb is the break frequency, α1 is the spectral index at 
requencies lower than νb , and α2 at frequencies higher than νb . 
ources J1029 + 5556 and J1509 + 6137 do not have enough data to
erform either of the fits. For the remaining sources, we extracted
he errors associated with the PL fit from the resulting covariance 

atrix. We were able to reach reasonable BPL fits for J1228 + 5027,
1232 + 4957, J1510 + 5547, J1522 + 3934, and J1641 + 3454, but the
t is not well constrained in any of these cases and very similar
2 values can be achieved with several different combinations of 

he parameters. For these fits, we used initial parameters based on
he traditional spectral indices and by visually estimating the break 
requency. Due to this degeneracy the error estimates for the BPL
re not reliable and we instead report the χ2 value. In the radio
pectrum plots, we show the PL and BPL fits for the peak flux
ensities since we are more interested in the core spectral indices,
MNRAS 532, 3069–3101 (2024) 
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Table 5. Spectral indices for our sample. 

Source Frequency αpeak αint �t 

J1228 + 5017 (GHz) (a) 
0.144–10.0 −0 . 69 ± 0.01 −0 . 74 ± 0.03 1–4 
10.0–15.0 −0 . 29 ± 0.23 −0 . 24 ± 0.38 0 
15.0–22.0 0.13 ± 0.29 0 
22.0–33.0 −0 . 40 ± 0.41 0 

J1232 + 4957 
0.144–10.0 −0 . 56 ± 0.08 1–4 
10.0–15.0 −1 . 49 ± 0.59 0 

J1522 + 3934 
0.144–3.0 −0 . 58 ± 0.05 −0 . 64 ± 0.07 0–2 
3.0–10.0 −1 . 29 ± 0.15 −1 . 76 ± 0.22 2.5 

10.0–15.0 −0 . 52 ± 0.19 −0 . 69 ± 0.29 0 
15.0–22.0 −0 . 41 ± 0.21 0 
22.0–33.0 −0 . 85 ± 0.33 0 

J1641 + 3454 
0.144–3.0 −0 . 65 ± 0.05 −0 . 64 ± 0.07 0–2 
3.0–10.0 −1 . 24 ± 0.16 −1 . 26 ± 0.18 2.5 

10.0–15.0 −0 . 76 ± 0.22 −1 . 74 ± 0.23 0 
15.0–22.0 −0 . 95 ± 0.29 0 
22.0–33.0 −0 . 90 ± 0.55 0 

Notes . Columns: (1) source; (2) frequencies used, 0.144 GHz data from 

LoTSS and 3.0 GHz data from VLASS, other data from this paper; (3) 
spectral index using peak flux densities; (4) spectral index using integrated 
flux densities; and (5) time difference between the observations, except in 
case of LoTSS DR2 a time range since the exact times of observations are 
not known. 
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Table 7. Maximum variability of the sources, indicated by the factor the 
Ka -band flux density needs to increase to reach the maximum flux density at 
37 GHz. 

Source Multiplying factor Lower limit? 

J1029 + 5556 14 444 Yes 
J1228 + 5017 5196 No 
J1232 + 4957 17 879 Yes 
J1509 + 6137 26 154 Yes 
J1510 + 5547 21 282 Yes 
J1522 + 3934 13 619 No 
J1641 + 3454 7927 No 

Notes . Columns: (1) source; (2) multiplying factor; and (3) lower limit. 
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hich are more likely to have a significant contribution from the
GN. Furthermore, we do not know if any extended emission is

esolved-out at higher frequencies, possibly causing underestimated
ntegrated flux densities. Thus, using the peak flux densities is more
onsistent. All the results are available in Table 6 . 

Due to the nature of these sources, it is hard to properly quantify
heir variability. Commonly used variability metrics, such as the

odulation index or fractional variability, are based on detections,
nd cannot properly account for upper limits or non-detections. In our
ase, the non-detections, detections at a different frequency (15 GHz
t OVRO), and detections with a different instrument (JVLA) play a
rucial role in estimating the strength of the variability. Employing,
or example, the modulation index, would drastically underestimate
he amplitude of the variability in our sources. However, to give an
rder of magnitude estimate of the variability we simply calculated
y which factor the JVLA Ka -band flux density needs to increase
o reach the maximum flux density detected at 37GHz (shown in
NRAS 532, 3069–3101 (2024) 

able 6. Parameters of PL and BPL fits to the radio spectra of our sources. 

Peak flux densities 
PL BPL 

ource α α1 α2 νbreak [GHz] χ2 (d

1029 + 5556 Not enough data for either fit 
1228 + 5017 −0.65 ± 0.03 −0.54 −0.78 1.57 0.05
1232 + 4957 −0.65 ± 0.05 −0.51 −1.5 8.3 < 0.0
1509 + 6137 Not enough data for either fit 
1510 + 5547 −0.76 ± 0.03 −0.83 −0.63 1.41 < 0.0
1522 + 3934 −0.77 ± 0.02 −0.68 −0.82 0.67 4.65
1641 + 3454 −0.78 ± 0.03 −0.53 −1.04 1.12 0.26

otes . Columns: (1) source; (2)–(6) fit parameters using peak flux densities: (2) PL
reak frequency; (5) break frequency; (6) χ2 for the BPL fit, degrees of freedom i
lope; (8) BPL slope below the break frequency; (9) BPL slope abo v e the break freq
n parentheses. 
 able 7 ). W e note that this is by no means ideal due to the use of
ifferent instruments and frequencies. 
Additionally, we used temporally close consecutive 37 GHz

etections to estimate the properties of the flares. The details of
he calculations and the results are given in Section 4.8 , but referred
o in the following sections for the individual sources. 

.1 SDSS J102906.69 + 555625.2 

o far J1029 + 5556 has been detected at 37 GHz at MRO and at
5 GHz at OVRO (Table 4 ). It has not been detected in any radio
nterferometric observations (see Table 3 ). Based on the Ka -band
pper limit and the maximum 37 GHz flux density, its flux density
hould have increased at least by a factor of ∼14 000 to account
or this flare. J1029 + 5556 has the highest redshift, z = 0.451, in
his sample, and due to this it is also the only source that, based on
iterature search, is missing the host galaxy morphology information.
arglund et al. ( 2022 ) attempted to model the host using near-infrared

mages obtained with the Nordic Optical Telescope but the results
emain inconclusive due to non-optimal seeing coupled with the
igh redshift of the source, preventing properly resolving the galaxy.
nterestingly, it was detected at MRO only three times in 2016–2017,
ith moderate flux densities around 500 mJy and below, and has
ot been detected after that, though it has not been observed very
requently in the past few years. Its o v erall detection percentage at
7 GHz is 6.1 per cent, and the mean luminosity νL ν = 9.5 × 10 43 

rg s −1 . The lack of recent detections might indicate a change in
he acti vity le vel of the nucleus, though it was detected by OVRO
n 2020, indicating that the activity has not totally halted. Whether
he amplitude of the variability has changed or if the most drastic
ariability has mo v ed to lower frequencies cannot be determined
Integrated flux densities 
PL BPL 

.o.f.) α α1 α2 νbreak [GHz] χ2 (d.o.f.) 

 (5) −0.68 ± 0.04 −0.49 −0.97 1.82 0.01 (3) 
1 (2) −0.55 ± 0.24 Not enough data 

1 (1) −0.72 ± 0.15 −0.29 −1.22 1.28 < 0.01 (1) 
 (7) −0.94 ± 0.02 −0.79 −1.12 1.37 1.82 (5) 
 (8) −0.88 ± 0.04 −0.66 −1.09 1.36 0.38 (7) 

 slope; (3) BPL slope below the break frequenc y; (4) BPL slope abo v e the 
n parentheses; (7)–(11) fit parameters using integrated flux densities: (7) PL 

uency; (10) break frequency; and (11) χ2 for the BPL fit, degrees of freedom 
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ased on these data. J1029 + 5556 is not present in LoTSS maps, but
here is one radio source, which lacks an optical/infrared counterpart, 
n the LoTSS map within the MRO beam. Ho we ver, the source is
aint, with a flux density of ∼1 mJy, and we do not see signs of it in the
VLA data. The non-simultaneous radio spectrum of J1029 + 5556 is
hown in Fig. 1 (a) and the light curves in Figs C1 and C8 . 

.2 SDSS J122844.81 + 501751.2 

1228 + 5017 is detected with the JVLA in all other bands except the
 band, and it is also detected in LoTSS at 144 MHz (Table 3 ). It is
nly marginally resolved or unresolved in all JVLA bands (Figs B1 –
5 ). In the 144 MHz radio map, it seems to be extended toward
orth-west, but upon closer inspection, the extended part turns out to 
e a nearby galaxy that can also be seen in optical images. The radio
pectrum, shown in Fig. 1 (b), has a slope around −0 . 7 from 144 MHz
o X band, abo v e which the slope flattens considerably (Table 5 ). The
ow-frequency spectral index is consistent with the characteristic 
tar formation activity spectral index of −0 . 7 and the flux density
evels could be explained by star formation, as found in Berton et al.
 2020b ) who estimated the low-frequency radio emission produced 
y star formation using mid-infrared data. Ho we ver, it should be
oted that also the spectral index of optically thin synchrotron 
mission by shock-accelerated electrons in jets is around −0 . 7. The
pectrum shows the characteristic spectral turno v er, or spectral index 
attening, to ward lo wer frequencies where the emitting medium 

tarts to become opaque to radio emission (Condon 1992 ). Indeed, the 
PL fit (Table 6 ) finds a break frequency around 1.6 GHz, indicating
 complex spectral shape. In principle, the high-frequency spectral 
ndex is very close to the thermal free–free emission spectral index of

0 . 1, which in star-forming galaxies has an increasing contribution 
oward higher frequencies, whereas the steep synchrotron emission 
rom supernovae becomes less important. However, the change in 
he slope between the non-thermal and thermal emission-dominated 
pectral regions should not be this drastic (Klein, Lisenfeld & Verley 
018 ). Instead, the flattening could be due to a third component,
he flat radio core of the AGN that becomes detectable when the
mission produced by star formation weakens. Spatially resolved 
pectral index maps in L , C , and X bands support this scenario since
espite the o v erall steep spectral index, the core spectral index in
hese bands is significantly flatter (J ̈arvel ̈a et al. 2021 ). X band also
hows a peak flux density decrease from 0.184 ± 0.008 mJy beam 

−1 

n Berton et al. ( 2020b ) to 0.128 ± 0.005 mJy beam 

−1 in these
bservations. The JVLA configuration and the rms of the maps are 
he same for both observations, but the central frequencies are slightly 
ifferent (9 versus 10 GHz), thus the difference could be due to the
lightly different beam sizes since the source is partially resolved. 

J1228 + 5017 has been detected at MRO seven times, with the last
etection in 2019, and has a detection percentage of 15.2 per cent
nd a mean luminosity of νL ν = 2.6 × 10 43 erg s −1 . The account for
he highest amplitude 37 GHz flare the flux density of J1228 + 5017,
ased on the Ka- band data, should have increased by a factor of
5000. The single-dish detections are listed in Table 4 and the light

urves are shown in Figs C2 and C9 . Ho we ver, the source does not
eem to have totally gone into slumber as it has been detected again
ecently (J ̈arvel ̈a et al. in preparation). 

.3 SDSS J123220.11 + 495721.8 

n the earlier JVLA observations, J1232 + 4957 was detected in L
nd C bands, but not in X band. In the new observations, it is
lso detected in X and Ku bands, but only at a 3 σ level (Table 3 ).
1232 + 4957 is also detected in LoTSS at 144 MHz. It remains
nresolved in all interferometric observations (Figs B6 and B7 ). Its
adio spectrum, in Fig. 1 (c), clearly shows a steepening slope toward
igher frequencies. The spectral index between 144 MHz and X band
s −0 . 56 ± 0.08, and between X and Ku bands −1 . 49 ± 0.59 (Table 5 ).
he BPL clearly fits the data better than the simple PL (Table 6 ),
nding a spectral index of −0 . 51 below the break frequency of
.3 GHz, and a much steeper spectral index of −1 . 50 above it. The
nterferometric flux densities of J1232 + 4957 can be explained by
tar formation activities, as shown in Berton et al. ( 2020b ), and thus
GN contribution does not seem necessary. Ho we ver, the drastic
rop with a very steep spectral index above the break frequency is
nusual in purely star-forming galaxies (Klein et al. 2018 ), and might
e indicative of electron ageing, hinting at a non-thermal origin. 
On the other hand, J1232 + 4957 has been detected at MRO several

imes with an o v erall detection percentage of 10.6 per cent. The mean
uminosity of the detections is νL ν = 2.8 × 10 43 erg s −1 . The last
etection, ho we ver, is from 2019 (Table 4 ). The 37 GHz flux densities
re quite modest, never exceeding 600 mJy. Ho we ver, due to the
pper limit in Ka band, the flux density of J1232 + 4957 should have
ncreased at least by a factor of ∼17 000 to explain the maximum
ux density at 37 GHz. The light curves of J1232 + 4957 are shown

n Figs C3 and C10 . 

.4 SDSS J150916.18 + 613716.7 

1509 + 6137 is an intriguing source as it has clearly the highest
etection percentage at 37 GHz – 25.3 per cent – but it has not been
etected in any JVLA band. The MRO detections have an average
uminosity of νL ν = 2.5 × 10 43 erg s −1 . The light curves are shown
n Figs C4 and C11 , and the radio data are given in Tables 3 and 4 .
he brightest MRO flares e xceed 1 Jy, indicating e xtreme variability
f at least four orders of magnitude when compared to the Ka- band
pper limit. J1509 + 6137 also has several double detections within a
eek of each other. These detection pairs were used to estimate the
are characteristics (Table 8 ) and are discussed in Section 4.8 . 
J1509 + 6137 was not detected in LoTSS, but there are two other

adio sources within the MRO beam in LoTSS. Neither of these
ources have optical/infrared counterparts, and both of them are 
aint, around 0.4 and 0.8 mJy. They are not seen in the JVLA data.
1509 + 6137 seems to be totally absent in radio – except during the
7 GHz flares – and does not even show detectable amounts of radio
mission from star formation. 

.5 SDSS J151020.06 + 554722.0 

1510 + 5547 has a high detection percentage of 17.6 per cent at
7 GHz (Table 4 and Figs C5 and C12 ). It was last detected in
019 even if the number of annual observations has stayed roughly
he same. The mean luminosity at 37 GHz is νL ν = 8.7 × 10 42 

rg s −1 . It was detected in L , C , and X bands in our previous JVLA
bservations, but remained a non-detection in all bands, X through Q ,
n the recent observations (Table 3 ). Considering the Ka -band upper
imit the variability needs to be at least four orders of magnitude to
xplain the maximum flux density at 37 GHz. The radio spectrum
f J1510 + 5547 is shown in Fig. 1 (e), and the PL fit to the peak
ux density values suggests a spectral index around −0 . 7 or slightly
teeper (Table 6 ). The integrated flux density spectrum seems to
end and indeed the BPL fit indicates a break frequency around
.28 GHz and spectral indices of −0 . 29 and −1 . 22 below and abo v e
t, respectively. The X -band upper limit is very close to the earlier
 -band detection flux density. It appears that the difference of 1 GHz
MNRAS 532, 3069–3101 (2024) 
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Table 8. Flare properties from the MRO data. 

Source Start time Stop time S begin S end τ T b, var δvar 

(dec. yr) (dec. yr) (Jy) (Jy) (d) (10 14 K) 

Rising 
J1509 + 6137 2016.415428 2016.418182 0.48 ± 0.10 0.81 ± 0.18 2.0 + 13 . 1 

−0 . 9 17.2 + 55 . 1 
−16 . 9 32.5 + 20 . 0 

−24 . 4 

J1509 + 6137 2017.391984 2017.397450 0.51 ± 0.12 0.97 ± 0.14 3.2 + 4 . 4 −2 . 8 8.0 + 16 . 7 
−6 . 8 25.2 + 11 . 5 

−11 . 9 
decaying 
J1509 + 6137 2017.397450 2017.413817 0.97 ± 0.14 0.61 ± 0.09 13.2 + 24 . 6 

−5 . 2 0.5 + 1 . 0 −0 . 4 9.7 + 4 . 5 −5 . 2 

Notes . Columns: (1) source; (2) and (3) start and stop times of the flare; (4) and (5) flux density at the beginning and at the end of the flare; (6) time-scale; (7) 
variability brightness temperature; and (8) variability Doppler factor. 
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etween the central frequencies of these two X -band observations
nd the steep spectral index is enough to cause the non-detection in
hese recent observations. 

This source is also detected in LoTSS and seems to be marginally
esolved. There is another radio source north-east of it and within the

RO beam. This source is faint, has no optical/infrared counterpart,
nd is not seen in any JVLA band. The projected distance between
1510 + 5547 and the source is more than 40 kpc, thus it is unlikely
hat it is related to our source. Based on Berton et al. ( 2020b ), the
adio spectrum below 10 GHz could be explained by star-forming
ctivity, but with these data only it is impossible to say if also an
GN contributes, and which one is the predominant source of this

adio emission. 

.6 SDSS J152205.41 + 393441.3 

1522 + 3934 is a nearby source ( z = 0.077) that resides in a disc
alaxy that is merging with a non-active galaxy (J ̈arvel ̈a et al. 2018 ). It
hows almost symmetrical resolved emission on west/north-west and
ast/south-east sides of the nucleus from 144 MHz to Ku band, and is
etected up to Ka band (Table 3 and Figs B8 –B11 ). Interestingly, the
xtended radio emission is perpendicular to the optical host galaxy,
ndicating that it does not originate from the star formation activity
n the host (J ̈arvel ̈a et al. 2021 ). To explain the 37 GHz flaring in
1522 + 3934 the jet emission needs to be relativistically boosted
s, according to our current knowledge, this kind of variability
mplitudes cannot be explained by intrinsic non-boosted variability.
ollowing this, we can deduce that the jet or parts of it need to point
lose to our line of sight. If this is the case, the extended emission
ould be a relic of past activity – unless the jets are very bent,
ointing at us close to the nucleus and turning perpendicular at larger
istances. The spatially resolved spectral index map in the L band
oes show regions of steeper spectral index around −1 . 0, possibly
ndicative of synchrotron cooling (Kardashev 1962 ; Komissarov &
ubanov 1994 ). 
The radio spectrum of J1522 + 3934, in Fig. 1 (f), has a slope around
0 . 8 when fit to the peak flux densities and somewhat steeper,

round −0.9 when using the integrated flux densities (Tables 5
nd 6 ). The VLASS points seem to deviate from this which is
urprising considering that the Quick Look flux densities should
nderestimate the real flux densities. Also the RACS flux density
eems to lie abo v e the lev el of the JVLA observations. In principle,
he discrepancy could be explained by resolved-out emission in the
VLA A-configuration observ ations. Ho we ver, in JVLA L band,
etween RACS and VLASS, the largest angular scale is 36 arcsec,
orresponding to > 50 kpc, so it is unlikely that there would be
 lot of resolved-out emission. Overall the spectrum seems to be
onsistent with optically thin radio emission and we can assume its
redominant origin to be the AGN. 
NRAS 532, 3069–3101 (2024) 
J1522 + 3934 has the record 37 GHz flux density among our
ources at 1430 mJy, whereas the other detections are much more
odest. Based on the Ka -band flux density four orders of magnitude

f variability is required to explain the brightest flare at 37 GHz.
ts detection percentage at MRO is only 3.9 per cent, and the
ean luminosity is νL ν = 2.7 × 10 42 erg s −1 . In addition to these

etections, it has also been detected at 15 GHz at OVRO on three
ifferent dates (Table 4 ), with a maximum flux density of 45 mJy.
he light curves of J1522 + 3934 are shown in Figs C6 and C13 . 

.7 SDSS J164100.10 + 345452.7 

1641 + 3454 is the only one of our sources with a statistically
ignificant gamma-ray detection (L ̈ahteenm ̈aki et al. 2018 ), usually
onsidered as proof of the presence of relativistic jets. Interestingly,
ts detection rate at 37 GHz is the lowest in the sample at 1.5 per cent.
ts 37 GHz flux densities are modest, generally around 500 mJy and
elow, indicating that most of its flaring activity might not exceed
he MRO detection threshold. Its average 37 GHz luminosity is νL ν

 9.9 × 10 42 erg s −1 . J1641 + 3454 has also been detected at 15 GHz
t OVRO with a flux density of ∼30 mJy (Table 4 ). 

J1641 + 3454 was a target of an intense 20-month multiwavelength
onitoring campaign in radio, optical, ultraviolet, and X-rays (Ro-
ano et al. 2023 ). During the campaign, it flared twice at 37 GHz: the
rst radio flare was followed by brightening in X-rays, whereas the

atter flare was not accompanied by any significant changes at other
requencies. Nevertheless, this was the first detection of a 37 GHz
adio flare counterpart at another frequency. 

J1641 + 3454 is detected in X , Ku , K , and Ka bands with the JVLA
Table 3 ). Based on the Ka -band measurement flux density variability
y a factor of almost ∼8000 is required to explain the maximum flux
ensity at 37 GHz. J1641 + 3454 is resolved in X and Ku bands, with
xtended emission seen on the north-west and the south-east sides
f the nucleus. This emission is also seen at lower frequencies and
t appears to be patchy, which points to star formation as the origin
Berton et al. 2020b ), although diffuse radio emission due to AGN
ctivity cannot be ruled out. J1641 + 3454 is also detected at 144 MHz
n LoTSS, at 1.3675 GHz in RACS, and at 3 GHz in VLASS. At
 GHz it is not properly resolved but appears elongated in the north-
est/south-east direction similarly to the JVLA maps. Interestingly,

n the LoTSS map, it seems to be elongated toward south-west. This
mission has no optical/infrared counterpart, but it is clearly outside
he host galaxy of J1641 + 3454, so it remains unclear whether it is
elated to J1641 + 3454. If it were it could be a relic of past activity,
ut these data are not enough to draw conclusions either way. 

The radio spectrum of J1641 + 3454, shown in Fig. 1 (g), clearly has
 curvature, and it flattens towards lower frequencies and steepens
oward higher frequencies (Table 5 ). The BPL fit to the peak flux
ensities, reported in Table 6 , yielded a break frequency of 1.12 GHz,
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Table 9. Required Doppler factors and changes in the viewing angle of the 
jet. 

S 0 S obs δstream 

δblob �θ�= 10 �θ�= 20 

(mJy) (mJy) p = 2 p = 3 ( ◦) ( ◦) 

0.05 500 100.0 21.5 – 15.1 
0.05 1000 141.4 27.1 – 15.7 
0.1 500 70.7 17.1 22.9 14.5 
0.1 1000 100.0 21.5 – 15.1 
0.2 500 50.0 13.6 21.3 13.8 
0.2 1000 70.7 17.1 22.9 14.5 

Notes . Columns: (1) unbeamed flux density; (2) beamed flux density; (3) 
required Doppler factor assuming a continuous jet stream; (4) required 
Doppler factor assuming a moving component in the jet; (5) required change 
in the viewing angle assuming p = 3 and � = 10; and (6) required change in 
the viewing angle assuming p = 3 and � = 20. 
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nd a spectral index of −0.53 below it and −1.04 abo v e it. No AGN
ontribution is required to explain the properties of its low-state radio 
pectrum, though Berton et al. ( 2020b ) found the low-frequency 
ux densities to be slightly more than what is expected from star
ormation activity. 

In addition to the 37 GHz detections, J1641 + 3454 has also been
etected once at 15 GHz by OVRO with a flux density of ∼30 mJy.
he OVRO detection is quite close to an MRO detection, within 23 d,
ut unfortunately in the case of these sources, we cannot assume that
hese detections are necessarily from the same e vent. Ho we ver, in the
ase they were, we can derive a quasi-simultaneous spectral index of
.70 ± 0.63. Since these detections are not strictly simultaneous and 
e do not know which stage of the flare the detections represent, the

pectral index is only a rough estimate. It agrees with the maximum
alue of the spectral index produced by SSA (2.5, Condon & Ransom
016 ) within the errors but might imply that also another source of
bsorption, such as FFA, is required. The light curves of J1641 + 3454
re shown in Figs C7 and C14 . 

.8 Flare characteristics using MRO data 

e can use the consecutive MRO detections to infer some properties 
f the radio emission in our sources. Following Valtaoja et al. 
 1999 ) and Hovatta et al. ( 2009 ) we can estimate the flare rise and
ecay e-folding time-scales, variability brightness temperatures, and 
ariability Doppler factors. We performed these calculations for all 
onsecutive detections – that is, there are no non-detections between 
hem – that were less than seven days apart and had different flux
ensities even when taking the errors into account. We cannot be 
ure if the two detections are from the same flare, but in case they are
ot, it means that the variability is even faster and more extreme. We
lso assume that the maximum amplitude of the flare is equal to the
igher of the two flux densities. In case it is not, and the real amplitude
f the flare is larger, the time-scales would be shorter. Thus, these
ime-scale estimates and the parameters derived from them can be 
onsidered as lower limits. For simplicity, since our knowledge of 
hese sources is so limited, we used the same equation for both rising
nd decaying flares: 

S( t) = �S max e 
( t−t max ) /τ [ Jy ] , (4) 

here �S max is the maximum amplitude of the flare in Jy, after
ubtracting the baseline flux density level, S b , t max is the epoch of the
eak of the flare, and τ is the rise or decay time of the flare expressed
n days ( e-folding time-scale). We do not know the exact quiescent
ux density level, but based on the OVRO observations it cannot 
e much higher than ∼10 mJy (see Section 5.2.1 ), so we chose this
umber as the baseline flux density level. The results are shown in
able 8 . 
To estimate the variability Doppler factors of our sources, we 

alculated the variability brightness temperature, T b, var , (in the source 
roper frame) with: 

 b, var = 1 . 548 × 10 −32 �S max d 
2 
L 

ν2 τ 2 (1 + z) 
[K] , (5) 

here ν is the observ ed frequenc y in GHz, d L is the luminosity
istance in metres, and �S max and τ are defined in equation ( 4 ). The
umerical factor corresponds to using H 0 = 72 km s −1 Mpc −1 , and
� 

= 0 . 73, and assuming that the source is a homogeneous sphere.
ince estimating the brightness temperature from the flux density 
ariability is based on a causality argument, these values are in fact
ower limits. We calculated the variability brightness temperatures for 
ll flares with τ values. It should be kept in mind that the brightness
emperatures derived from variability are systematically larger by 
 factor of δ2 , where δ is the Doppler factor, than those obtained
irectly from VLBI measurements due to the different dependence 
n the Doppler factor. 
Once we know the variability brightness temperature we can use 

t to estimate the variability Doppler factor, assuming we know the
ntrinsic brightness temperature, T b, int : 

var = 

(
T b, var 

T b, int 

)1 / 3 

. (6) 

For the intrinsic brightness temperature, we use 5 × 10 10 K (Read-
ead 1994 ; L ̈ahteenm ̈aki, Valtaoja & Wiik 1999 ; Homan et al.
021 ), which assumes equipartition between the energy densities 
f the magnetic field and the radiating particles. Ho we ver, we do
ot know if these sources are in equipartition and therefore cannot
ay how accurate the Doppler factor estimates are. Indeed, the rapid
ariability suggests that this may not be the case. Howev er, ev en if
he intrinsic brightness temperature deviates from the equipartition 
rightness temperature by an order of magnitude, the derived Doppler 
 actors w ould be within the errors of the Doppler factors that assume
quipartition. 

Keeping these caveats in mind, the results are reported in Table 8 .
here are three sources with consecutive MRO detections within 
ne week: J1228 + 5017, J1509 + 6137, and 1510 + 5547, but after
xcluding all the detections that can be the same within the error bars,
nly one source, J1509 + 6137, remains. It has shown two rising and
ne decaying flare that meet our criteria. In all cases the e -folding
ime-scales are of the order of days or a maximum of a few weeks,
he variability brightness temperatures around 10 14 -10 15 K, and the 
ariability Doppler factors between 5 and 50. These parameters, 
xcept the time-scale, are comparable to what is seen in FSRQs
Hovatta et al. 2009 ). 

We can use a simple light traveltime argument to infer an
pproximate size of the radio-emitting region. The size needs to 
e r < cτδ/ (1 + z). For τ of 5 d, this gives 0.0042 pc × δ/ (1 + z)
nd for 10 d, 0.0084 pc × δ/ (1 + z). Taking into account the Doppler
actor the size of the emitting region can increase by about an order of
agnitude, whereas accounting for the redshift decreases the size by 
10 per cent–30 per cent. These sizes are rough estimates since we

annot properly estimate the time-scales with the current data, but it is
robably safe to assume that the order of magnitude is correct and that
he emitting region needs to be milliparsec in size. This indicates that
he emission originates close to the black hole, well within the broad-
ine region (BLR), or from spatially limited regions inside the jet. 
MNRAS 532, 3069–3101 (2024) 
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 DISCUSSION  

ll of their variability properties considered these seven sources
xhibit flux density variations at a le vel ne v er observ ed in AGN
efore at high radio frequencies. The short variability time-scales
hey show are rare, but not unheard of, even in the radio regime (Rani
t al. 2013 ), whereas the amplitude of the variability – 3–4 orders of
agnitude – coupled with the short time-scales, is unprecedented

o the best of our knowledge. Nyland et al. ( 2020 ) report low-
requency variability up to 2500 per cent on decadal time-scales,
ut this variability seems to be related to the emergence of a new,
ersistent radio source, for example, due to the onset of the jets.
oss et al. ( 2022 ) report on high-amplitude MHz-range variability

n a sample of peaked sources, but also in this case the time-scales
re of the order of weeks or months. 

Based on the 37 GHz light curves (Figs C8 –C14 ), including both
etections and upper limits (see Appendix A2 for details), most
f the sources are usually detected close to the detection threshold
f MRO. Ho we ver, out of all the detections 39 per cent have 4
 S/N < 5, 32 per cent have 5 < S/N < 6, and 29 per cent

ave S/N > 6. J1509 + 6137 – which has not been detected in
nterferometric observations at all – is an exception and consistently
ho ws acti vity that is clearly abo v e the detection limit. In general,
here do not seem to be notable trends in the detections, other than
hat the sources are detected more when they are observed more,
hich is not surprising. In some sources (e.g. J1228 + 5017 and

1232 + 4957) there seem to be higher upper limits crowding around
etections, possibly indicating an increased level of activity during
hat particular epoch (but see Appendix A2 for caveats). In others,
uch as J1641 + 3454, the detections are embedded amongst upper
imits that show no apparent trends of activity. On the other hand,
any detections are not accompanied by other nearby observations

t all. 
At OVRO all detections, except the first detection of J1522 + 3934,

re clearly abo v e the detection threshold. Ho we ver, the detectability
t 15 GHz compared to 37 GHz might be lower. Only three sources
ave been detected at 15 GHz and the highest detection rate is
nly 4.5 per cent. The sources with the highest detection rates
t 37 GHz have not been detected at 15 GHz at all despite the
omparable number of observations. This might indicate that the
aring behaviour is stronger, in terms of the amplitudes, towards
igher frequencies. Though, it should be noted that for many sources
ost MRO detections are from the time before OVRO started
onitoring them, so it is also possible that these sources have been

ess active throughout the OVRO observations. 
For some sources (J1509 + 6137, J1522 + 3934, and J1641 + 3454),

here are a few MRO detections with OVRO observations within
1–5 d before or after the MRO detection. Using these detections

nd the OVRO upper limits, these quasi-simultaneous observations
an be used to estimate a lower limit for the 15–37 GHz spectral
nde x. The spectral inde x lower limits are around 4–5. Considering
hat SSA cannot account for a spectral slope more inverted than 2.5,
hese values indicate that an additional absorption mechanism, such
s FFA, which can lead to very inverted slopes (Rodriguez et al.
993 ; Mhaske y, P aul & Krishna 2021 ), might be in play. Ho we ver,
onsidering the short time-scales of our sources and the fact that these
ata are not simultaneous, also temporal variability can contribute to
he inferred spectral indices. 

Despite frequent detections at 37 GHz, and some at 15 GHz,
ll sources were in the low state in the JVLA observations. How-
 ver, considering the lo w-to-moderate detectabilities (1.5 per cent–
5 per cent) and the short time-scales of the sources at 37 GHz, it is
NRAS 532, 3069–3101 (2024) 
ot infeasible that none of them were flaring at the time of the two
pochs of the JVLA observations. 

In the following, we discuss different phenomena that are able to
ause variability in AGN. It should be kept in mind that the physical
xplanation for the observed variability might not be the same in all
ources or that it can be a combination of more than one mechanism.
or completeness, we include a number of explanations that we
ave been able to reject or that are unlikely to be responsible for
he extreme behaviour. Since not much can be said regarding the
ources that have very few detections only in some of the bands, the
iscussion mostly considers the sources with the most complete data,
hat is, J1228 + 5017, J1232 + 4957, J1522 + 3934, and J1641 + 3454. 

.1 Rejected explanations 

ore data, especially multifrequency monitoring of the flares, are
bsolutely necessary to narrow down the possible explanations,
o we ver, based on the current data some scenarios can already be
uled out. These alternatives cannot be solely responsible for the
bserved properties of our sources, but we cannot definitely exclude
heir presence either. 

.1.1 Normal relativistic jets 

ased on the results in this paper and in Berton et al. ( 2020b ), it
s obvious that the sources in our sample do not host persistent,
ontinuously visible relativistic jets similar to those seen in other
etted NLS1s or any other class of jetted AGN. Several jetted NLS1s
xhibit 37 GHz behaviour similar to the sources studied in this paper
L ̈ahteenm ̈aki et al. 2017 ), and all of them also show core or core-jet
tructures in mas-scale VLBI observations (e.g. Doi, Asada & Nagai
011 ; Richards et al. 2015 ; Lister et al. 2016 ). In general, the VLBI
ux densities of the previously studied jetted NLS1s vary from a
ew mJy to hundreds of mJy and thus are at a level that should have
een easily detectable in our VLBA observ ations. Ho we ver, the non-
etections of these sources either imply that the radio core is very
aint, < 0.5 mJy, or possibly absorbed (see Sections 5.2.4 and 5.3.2 ).

We did not expect to be able to resolve the possible jet with
he JVLA – except perhaps in the highest frequency bands – since
he flaring behaviour implies that we see these sources at quite
mall angles. Ho we ver, our initial assumption, again based on the
bservations of other jetted NLS1s, was that these sources would
how flat or inverted spectra toward higher frequencies. Only one
f our sources, J1228 + 5017, shows a radio spectrum that can be
eemed flat, and none of the detected sources show any hints of
n inverted spectrum in the JVLA observations. Regarding the non-
etected sources, from these results, we can only infer that their
pectra do not turn inverted toward higher frequencies. 

With these combined results we are able to reliably rule out the
ossibility that the variability in our sources is due to flares in a
elativistic jet similar to those in other jetted NLS1s or AGN. This
oes not necessarily mean that the jet is absent, but in the low state,
t seems to be undetectable, implying that there must also be other
ontributors to the observed behaviour. 

.1.2 Kinematically young jets 

hese results also rule out one of our early hypotheses, which was that
hese sources would be kinematically young and have considerably
igh radio spectrum turno v er frequencies due to that (O’Dea &
aikia 2021 ). The 37 GHz behaviour could be explained as radio
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ares superimposed on a conv e x radio spectrum of a peaked source
Tornikoski et al. 2001 , 2009 ; Torniainen et al. 2005 ). Obviously this
s not the case, as we do not see any signs of spectra resembling those
f peaked sources. Also the long-term temporal behaviour disagrees 
ith this scenario since several of these sources have been detectable 

t 37 GHz at the same flux density level for the past ∼10 yr, ever
ince the observations first started. In the case of a kinematically 
oung source, the turno v er frequenc y is e xpected to decrease very
ast during the early stages of its life, staying abo v e > 40 GHz only
or 6–20 yr (Berton et al. 2020b ) – the kind of evolution we should
e able to recognize at 37 GHz, and also at 15 GHz, as increasing
r decreasing detectability, or as long-term permanent changes in 
he flux density levels. There are a few sources that have not been
etected during the past few years even when they have been observed 
egularly (J1232 + 4957 and J1510 + 5547), which indicates temporal 
hanges in these sources. Even in these cases kinematically young 
ets seem improbable since the evolution is not so fast that we would
ot have been able to detect a conv e x spectrum at lower frequencies
ith the JVLA. It should be noted that whereas kinematically young 

ets with SSA cannot explain the behaviour of our sources, it does
ot mean that the jets in these sources could not be young. 

.1.3 Fast radio bursts 

he seemingly sporadic detectability, implying very short time- 
cales, raised the question of whether this phenomenon could be 
elated to fast radio bursts (FRB). FRBs are short, subsecond duration 
road-band Jy-level pulses of extragalactic origin (for a recent re vie w,
ee Petroff, Hessels & Lorimer 2022 ). Several repeating FRBs have 
een found, and in principle, they could fall into the MRO beam
uring an observation. In practice, it is very unlikely that such an
vent could account for the detections of these sources: first, the 
oderately long 1600–1800 s integration time used at MRO would 

v erage out ev en a Jy-lev el, subsecond pulse to an undetectable lev el,
nd second, FRBs have very steep spectra with an average spectral 
ndex of −1.5 (Macquart et al. 2019 ), making them fainter and even
arder to detect at high radio frequencies. 

.1.4 Tidal disruption events 

DEs occur when a star passes by too close to a supermassive black
ole and gets disintegrated. In some extreme cases, these events 
an result in the launching of (mildly) relativistic jets, reaching 
uminosities around 10 42 erg s −1 , and therefore possibly bright 
nough to explain our 37 GHz detections (Alexander et al. 2020 ,
nd references therein). Ho we ver, the time-scales of TDEs are in
he range of tens to hundreds of days and thus not compatible with
he behaviour of our sources. Furthermore, so far a TDE has never
een observed twice in the same source, and thus it seems extremely
mprobable that repeated detections o v er 10 yr could be due to TDEs.
here are some records of partial TDEs (Campana et al. 2015 ) when

he whole star does not get destroyed but continues to orbit the black
ole, causing small TDEs once per orbit. Whereas partial TDEs could 
e responsible for repeated radio flares, they are unlikely to produce 
ariability at a time-scale of days. 

.2 Unlikely explanations 

n the following, we discuss some alternatives that are unlikely, but 
annot be totally ruled out yet, or are not able to explain our sources
n their own, but might contribute to the observed properties. 
.2.1 Observational effects 

nterestingly, it seems that in all cases an inverted spectrum or a high
tate is seen only in single-dish observations, whereas interferometric 
bserv ations sho w a barely flat or a steep spectrum, if the source
s detected at all. This raises the question of whether the difference
ould be explained by contamination by nearby compact sources that 
he larger beams of the single-dish telescopes pick up, or by emission
esolved out with radio arrays. The first explanation – different beam 

izes – can be ruled out since based on the JVLA images mapping
he OVRO beam there are no other strong radio sources close to any
f our targets, and thus even the largest beams (MRO and OVRO)
hould not suffer from confusion. 

On the other hand, resolved-out emission can contribute to the 
iscrepanc y, but not e xplain all of it. In A-configuration, the largest
ngular scales that the JVLA can see are approximately 5.3, 3.6, 2.4,
.6, and 1.2 arcsec in X , Ku , K , Ka , and Q bands, respectively. In the
orst-case scenario, the lowest- z source in Q band, this translates

o 1.70 kpc. Considering the light traveltime argument, it is obvious
hat emission at these scales cannot explain the variability time-scales 
een in our sources. There can be a contribution from the resolved-out
mission, but, for example, at 37 GHz based on the MRO detection
hreshold, it cannot exceed ∼200–300 mJy, otherwise, we would 
e able to detect these sources much more frequently . Similarly ,
VRO, with a beam of the same size as MRO, gives an upper limit
f ∼10 mJy for the 15 GHz resolved-out emission. Since there are
o emission sources at kpc-scale that can produce such an inverted
pectrum between 15 and 37 GHz, it is reasonable to assume that the
eal 37 GHz flux density is at a similar or lower level than the 15 GHz
ux density, suggesting that extreme variability is still present. 
In addition, based on the preliminary results of our JVLA mon-

toring campaign of J1522 + 3934 using the B-configuration in X
nd K bands (VLA/23A-061, PI: Berton), the beam size does not
ave a significant impact on the flux density. In the B-configuration,
he beam is about three times larger than in the A-configuration
n both bands and also the largest detectable angular scales – 17
rcsec in X and 7.9 arcsec in K, 24.1 and 11.2 kpc at the redshift
f J1522 + 3934, respectively – are significantly more extended than 
n A-configuration. Ho we v er, the observ ed flux densities in A- and
-configurations are the same within the errors, further supporting 

hat any resolved-out emission is not able to explain the difference. 

.2.2 Precessing jet 

ne alternative to explain variability in AGN is the precession in the
ets (e.g. Kudryavtse v a et al. 2011 ), leading to changes in the vie wing
ngle and thus in the strength of relativistic boosting. Precession 
an be caused by a tilted accretion disc via different mechanisms,
uch as the radiation-driven warping instability (Pringle 1996 ) or 
he Bardeen–Petterson effect (Bardeen & Petterson 1975 ) due to 
ense–Thirring precession (Thirring 1918 ). Precession can also be 
bserved in binary supermassive black hole systems (Begelman, 
landford & Rees 1980 ). Ho we ver, in all these cases the expected,
nd so far observed, precession period is of the order of years (e.g.
udryavtse v a et al. 2011 ; Liska et al. 2018 ; Horton et al. 2020 ),

ather than days as in our case. It is therefore unlikely that precession
n its own could explain the properties of these sources. 

.2.3 Intermittent activity 

he lack of detectable jets in these NLS1s might indicate a kinemat-
cally young age – that was already discussed in Section 5.1.2 – or
MNRAS 532, 3069–3101 (2024) 
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ntermittent activity. Intermittent activity due to radiation pressure
nstabilities in the accretion disc was evoked to explain the e xcessiv e
umber of kinematically young radio AGN, such as gigahertz peaked
ources (GPS), and especially their subclass of compact symmetric
bjects (Czerny et al. 2009 ). For a black hole with a mass of 10 8 M �,
he duration of the activity phases is estimated to be 10 3 –10 4 yr,
nd the breaks between them 10 4 –10 6 yr. For lower black hole mass
ources, such as NLS1s, these time-scales are shorter, but certainly
ot short enough to explain the variability we are observing. 
Also 3D GRMHD simulations have yielded similar results;

alakos et al. ( 2022 ) find that before establishing stable, powerful
elativistic jets an AGN can go through several cycles of intermittent
ctivity, with the jets turning on and off and drastically changing
irection. This leads to an X-shaped radio morphology seen in
 per cent–10 per cent of radio galaxies, and, naturally, considerable
ariability. Using the results in Lalakos et al. ( 2022 ), we can estimate
hat the launch-to-quench time-scale for a black hole with a mass of
0 7 M � is 10–100 yr, and the jets re-emerge after 100–1000 yr. The
ime-scale is too long for our sources, but it suggests that in lower
lack hole mass AGN we could be able to follow, at human time-
cales, the chain of events from the initial launch of the jets until
hey are quenched by the infalling gas. As low black hole mass jetted
ources NLS1s could be an optimal target for these kind of studies. 

Shorter time-scale intermittency can manifest itself as a result of
hanging injection rate of plasma into the jet base/jet (e.g. Lohfink
t al. 2013 ; Fedorova & Del Popolo 2023 ). Between these events
he jet can be totally absent or very weak, possibly explaining the
ow state of our sources. What remains unclear is whether this kind
f events can account for the required short time-scales and high
ariability amplitudes, and how these events manifest themselves
n the radio regime. The classical viscous and thermal time-scales
ssociated with an accretion disc around a black hole with a mass
f ∼ 10 7 M � are too long to explain the variability, whereas the
agnetic time-scale dominating the inner parts of the disc can be

onsiderably shorter (Livio, Pringle & King 2003 ; King et al. 2004 ).
he magnetic time-scale is the time on which the poloidal magnetic
elds in different parts of the disc can spontaneously align, possibly
hanging the dissipation in the disc and its coupling to the jet. Local
hanges in the magnetic field alignment can cause small-amplitude
ickering at very short time-scales, whereas large-amplitude events,
here the magnetic field is aligned in a considerable fraction of the
isc, are rarer. Thus this kind of intermittency could possibly explain
ither the short time-scales or the high amplitudes, but not both. 

It is worth noting that even if intermittent activity would not be the
ulprit in this case, we do see signs of that among these sources.
ssuming that we are now observing the jets in our sources at

mall angles as indicated by the variability, it is evident from the
isalignment between the radio emission and the host galaxy in fig.

, panel (c) in J ̈arvel ̈a et al. ( 2021 ) that J1522 + 3934 has experienced
n earlier activity period. However, the projected size of the structure
s almost 20 kpc, well beyond the host galaxy, implying that the
ctivity period has been longer than what would be expected in the
forementioned scenarios. Based on the current data, we also cannot
etermine whether the jets turned off or just changed direction. 

.2.4 Pure FFA 

 possible way to explain the flares is to assume that the underlying
adio emission of the relativistic jet is totally free–free absorbed
y ionized gas in the low state, and would only occasionally break
hrough the absorbing screen due to intrinsic flaring, or due to very
NRAS 532, 3069–3101 (2024) 
ast drops in the absorption (see Section 5.3.2 ). By solving the transfer
quation, it is possible to pro v e that such a scenario is not impossible,
s it does not require an unreasonable amount of gas. Let us assume
hat the radiation produced by the jet is free–free absorbed as follows: 

 ν = I ν, 0 e 
−τν [ erg s −1 ] , (7) 

here τν is the optical depth, I ν, 0 is the radiation produced by the jet,
nd I ν is the radiation we observe after it has crossed the ionized gas.
or simplicity, let us do our calculation at 10 GHz, and assume that

he jet emission is not detected. The detection threshold of the JVLA
or our observations in the X band is 10 μJy, so we can assume an
pper limit for the observed flux density of 30 μJy. Let us also assume
hat the jet has an underlying flat spectrum and that the unabsorbed
ux density at 10 GHz is 1 Jy. Using the previous equation, we can
btain an optical depth τν ∼ 10. The optical depth of the ionized gas
loud depends on the absorption coefficient k ff ν , following 

ν = 

∫ l 

0 
k ff ν d r, (8) 

here l is the size of the absorbing cloud. The FFA coefficient is 

 

ff 
ν � 3 . 69 × 10 8 Z 

2 N e N i √ 

T e 

1 

ν3 
g ff [ cm 

−1 ] , (9) 

here N e is the electron number density, N i is the number density of
he ions, T e the electron temperature, Z the atomic number, and g ff 
s the Gaunt factor. Assuming h ydrogen g as ( N e = N i ), and using
he approximation of the Gaunt factor between 0.3 and 30 GHz, the
oefficient becomes 

 

ff 
ν � 0 . 21 N 

2 
e T 

−1 . 35 
e ν−2 . 1 [ cm 

−1 ] . (10) 

If we integrate this assuming that the cloud has a uniform density
nd temperature, the optical depth becomes 

ff 
ν � 0 . 0824 T −1 . 35 

e ν−2 . 1 N 

2 
e l. (11) 

nverting this equation, we can derive 

 � 

τ ff 
ν

0 . 0824 N 

2 
e 

T 1 . 35 
e ν2 . 1 [ pc ] . (12) 

Since we no w kno w that τ ff 
ν ∼ 10, we can try to calculate the

ize of the absorbing clouds by assuming different values of electron
ensity and temperature, at the frequency of 10 GHz. For N e =
0 4 cm 

−3 and T e = 10 4 K, which are rather typical values, we obtain
 = 38 pc. For a higher density, possibly similar to the conditions
f a shock, of N e = 10 5 cm 

−3 and T e = 10 5 K, the size decreases
o l = 8 . 6 pc. Such size is comparable to that of the Orion Nebula.
inally, if N e = 10 5 cm 

−3 and T e = 10 4 K, the resulting l = 0 . 38 pc,
hich is too small for a star-forming region, but may be closer to

he expectations of a region of gas ionized via shock by the jet itself.
ue to the ν2 . 1 dependence, the required size of the ionized cloud

ncreases at higher frequencies. For example, at 50 GHz it would
eed to be ∼30 times larger to ef fecti vely absorb all the emission.
his would imply sizes of hundreds of parsecs, unlikely ionized
y the AGN, but of a characteristic size for a star-forming region
e.g. Congiu et al. 2023 ). Lower densities and temperatures instead
equire unreasonably large sizes. For instance, N e = 10 3 cm 

−3 and
 e = 10 4 K lead to l = 3 . 8 kpc, which is not realistic since this
equires a uniform distribution of ionized gas as large as a small
alaxy. 

Even if the previous considerations show that this scenario is
easible, there are some issues that we cannot ignore. First of all,
n this scenario in the low state, the jet emission needs to be totally
bsorbed – otherwise, we would see an inverted spectrum – thus the
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VLA radio emission needs to originate outside the absorbed region. 
ere the absorption due to a star-forming region, it could as well be

he source of the faint low-state radio emission. As the star-forming
egion cannot explain the variability, it would have to be intrinsic to
he jet that would occasionally get bright enough to break through 
he FFA screen. Ho we ver, assuming that the underlying relati vistic
et is similar to those in other jetted NLS1s, we would assume the
ime-scales to be comparable too, which is not the case. 

Another way of producing the observed flares is by means of a vari- 
ble optical depth, which in turn requires either fast-moving clouds 
see Section 5.3.2 ) or a rapid propagation of the jet throughout an
nterstellar medium with variable density and temperature (Wagner, 
icknell & Umemura 2012 ; Kino et al. 2021 ). 

.2.5 Geometrical effects 

he changes in the Doppler factor due to circumstances internal or
xternal to the jet have been evoked to explain large-amplitude flares
n AGN. Such circumstances could be the result of changes in the
rientation of the jet, or parts of it, or due to the jet substructure, such
s a helical magnetic field (Villata & Raiteri 1999 ; Mignone et al.
010 ; Raiteri et al. 2017 , 2021 ). This variability is characterized by
chromatic frequency behaviour in the affected bands. 

F or e xample, an FSRQ CTA 102 has shown in the optical a
omewhat similar behaviour to what we see in our sources in radio
Raiteri et al. 2017 ). The source increased its optical magnitude by
ix magnitudes, but in comparison the other frequencies were almost 
naffected by the flare. In our case, the flare seems to predominantly
ffect the radio emission and not other wavelengths (Romano et al. 
023 ). Raiteri et al. ( 2017 ) suggested that the variability in CTA
02 was caused by changes in the viewing angle due to peculiar jet
eometry. If this is the case, we are observing different regions of the
et at different angles. In our sources only the radio emission would
e seen at a small viewing angle, experiencing stronger relativistic 
oosting due to the higher Doppler factor. This scenario could be 
onsistent with what is seen in several simulations. Jets propagating 
n dense ISM cannot proceed in a straight line but tend to wiggle
round the least resistance path (Wagner et al. 2012 ). 

To estimate the feasibility of this scenario, we can estimate the 
evel of change in the Doppler factor required to explain the extreme
ariability we observe in our sources. We assume the unbeamed flux 
ensity, S 0 , to be at the level of the JVLA values, and the beamed,
 obs , to be close to the MRO detections. The emission is boosted as: 

 obs = S 0 δ
p , (13) 

here p = 2 − α for a continuous jet stream, and p = 3 − α for
 transient emission region, such as a blob or a knot in the jet. We
ssume the jet spectral index to be α = 0. A fe w dif ferent cases of
he unbeamed and beamed flux densities are shown in Table 9 . The
oppler factors in case of a continuous stream are very high, but
ore reasonable in the case of a transient emission region in the jet.
e calculated the required change in the viewing angle resulting in 

he estimated changes in the Doppler factor (T able 9 ). W e did the
alculation with two different Lorentz factors ( �) characteristic for 
etted NLS1s: 10 and 20 (Abdo et al. 2009 ). In case of the continuous
tream, when p = 2, � = 10 is not high enough to reach the Doppler
actors shown in Table 9 , and even � = 20 yields results only in case
f δ = 50 ( �θ = 18 ◦), thus we list the viewing angle changes only
or the p = 3 case. The required changes are not unreasonable, for
xample, in Raiteri et al. ( 2017 ) the viewing angle change is ∼9 ◦.
o we ver, in their case, the time-scale of the change is of the order
f several weeks, whereas in our case it is of the order of days. Also
ther issues remain, as discussed below. 
This hypothesis requires a relativistic jet to be present, but we do

ot see any clear signs of this in any of our sources. In the first-order
pproximation, in this scenario either the jet needs to change direction
nd consequently its Doppler factor, or new components, possibly 
ith higher Lorentz f actors, w ould need to be ejected. Also other

actors, for example, temporal variability in the physical conditions 
f the jet – such as the magnetic field, and the density and energy
istribution of the relativistic particles – may contribute, but their 
mpact can be expected to be less significant. 

If the changes are due to the re-orientation of some parts of the
et it is hard to explain why we observe the flaring behaviour only
n radio. This might require the same part of the jet to consistently
hange its orientation, which does not seem likely. In this case, the
ariability should be achromatic, which is something we cannot yet 
tudy with the current data. If the flares are due to new components
jected, we would expect to see the underlying jet also when it is
ot flaring, since it should be relativistically boosted also between 
ares unless the blobs have considerably higher Doppler factors than 

he continuous stream. In both these scenarios, the emission comes 
rom the whole jet and therefore requires the emitting region to be
ery close, within the innermost parsec, to the black hole, to be able
o match the estimated time-scales. An alternative way of producing 
rastic changes in the Doppler factor only in some parts of the jet is
agnetic reconnection, which will be discussed in Section 5.3.3 . 
Another geometrical effect in relativistic jets that causes changes 

n the observed flux density is due to large-scale, ordered helical
agnetic fields. If the jet is magnetically dominated, the magnetic 
eld can drive helical streams within the jet. These streams can
xperience differential Doppler boosting along the jet when on one 
ide of the helix the radiation gets relativistically boosted and on the
ther side it gets diminished (Steffen 1997 ; Clausen-Brown, Lyutikov 
 Kharb 2011 ; Gabuzda 2018 ). 
In case of a continuous stream we should be able to see the jet

t all times, which is not the case, so we can assume that in this
cenario the flares are caused by a blob moving in the jet, thus p 

 3 in equation ( 13 ). For simplicity and to maximize the strength
f the effect, let us assume a helical magnetic field seen exactly at
he helix angle. Assuming constant β the changes in the flux density
nly depend on the Doppler factor whose value depends on the angle
etween the helical stream within the jet and the line of sight as: 

= 

√ 

1 − β2 

1 − β cos θ
, (14) 

here β = v/c, and θ is the angle compared to the line of sight. In
ur scenario, θ has a minimum of 0 ◦. Let us estimate the radius of the
et in case of the longest e-folding time-scale in an MRO-detected
are from Table 8 ; the 2017 decaying flare of J1509 + 6137. The flux
ensity decreased from 970 to 610 mJy in 5.97 d in our reference
rame, thus in 5.97 d ×δ in the source frame. Based on Table 3 let
s assume that S 0 = 0.1 mJy, and that S obs , max = 970 mJy, which
appens when θ = 0 ◦. Using equation ( 13 ), we can estimate that
he required Doppler factor at the maximum flux density is δmax =
1.3, and at S = 610 mJy it is δ610 mJy = 18.3. Using equation ( 14 )
ith δmax = 21.3 and θ = 0 ◦, we get β = 0.996. Assuming β stays

onstant, and using δ610 mJy = 18.3, we can solve for θ610 mJy = 2.41 ◦.
he radius of the jet can be solved from 

 = 

b 

2 π

360 ◦

2 . 41 ◦
[m] , (15) 
MNRAS 532, 3069–3101 (2024) 
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here R is the radius of the jet, and b is the distance the blob has
ravelled along the arc of the outer edge of the jet. In this case b =
.97 d ×δmax × 0.996 c = 3.28 × 10 15 m, and R = 7.80 × 10 16 m =
.53 pc. This is the least extreme case, and in other flares where the
hanges were faster also the radius of the jet would have to be smaller
o account for the variability. In cases when θmin �= 0, β would have
o be larger to result in the same δ, and R would have to be smaller
han in the θmin = 0 case. 

Based on other AGN, jet diameters of a few parsecs are measured
t projected distances from ∼1 to 10 pc from the AGN core (Kov ale v
t al. 2020 ), and thus most likely outside the BLR. This brings us
o the same question again: where is the jet when it is not flaring?
hough it should be noted that we estimated the radius assuming

he most fa v ourable conditions for Doppler factor changes, thus it is
ikely that in reality the radii should be smaller, but by how much is
nclear. 

.2.6 Lensing and scattering 

icro- and millilensing and scattering, especially extreme scattering
vents (ESE), can cause considerable variability in light curves of
xtragalactic sources. First identified in the 1980s (Fiedler et al.
987 ), ESE cause radical variability in the flux densities of radio
ources due to intervening plasma lenses in the ISM (Bannister et al.
016a ) of our Galaxy. Radio flux density variability close to an order
f magnitude has been attributed to ESEs (Bannister et al. 2016b ),
hereas their multiwavelength behaviour is unknown. The ESEs
bserved so far have not shown amplitude variability comparable to
hat we see in our sources, and their characteristic time-scales are
f weeks to months, and thus longer than the variability we detect in
hese NLS1s, although tentative ESEs with time-scales of days have
een detected (Cim ̀o et al. 2002 ; Bannister et al. 2016a ). Most ESEs
re identified at radio frequencies of a few GHz since the refractive
ower of the plasma lens depends on the wavelength and thus the
henomenon gets stronger toward longer wavelengths. Although,
learly identifiable ESEs have been observed at a frequency as high
s 15 GHz (Kara et al. 2012 ; Pushkarev et al. 2013 ). Ho we ver, in
ur case, the 37 GHz flux densities are significantly higher than
he 15 GHz values, arguing against a possible ESE origin of the
 ariability. Last, considering ho w rare ESEs are it is unlikely that we
ould witness this frequent ESE activity in a few sources, especially

esiding this far from the Galactic plane. 
Microlensing by stellar mass objects ( < 10 2 M �) or millilensing

y objects with masses around 10 2 –10 6 M � have been shown to
ause variability in AGN light curves. In this scenario, the lensing
ass lies either in the same galaxy as the AGN or between the AGN

nd the observer, and the time-scales of this variability can span from
ours to years, depending on the size of the lens (Vedantham et al.
017 ; Kr ́ol et al. 2023 ). Unlike ESEs, this variability is achromatic
t least up to hundreds of GHz and thus the amplified flux density
nly depends on the intrinsic brightness of the source at a given
requency. In the radio regime, this phenomenon has been labelled
s symmetric achromatic variability and has been detected in several
ources, some of them repeating (Vedantham et al. 2017 ; Peirson et al.
022 ). In the AGN lensing events so far, the maximum amplification
f the flux density is around an order of magnitude. Even if in the
ase of a binary lens in the microlensing regime, we could expect
o observe fast, repeating variability, the question of the feasibility
f the required extreme amplitude amplification remains. It has been
nalytically shown that under fa v ourable conditions, that is, when the
ource lies relatively close to a compact lens and at a small angular
NRAS 532, 3069–3101 (2024) 
istance from the caustic line, such extreme amplitude amplification
an take place (Bakala et al. 2023 ). Ho we ver, reaching these exact
onditions in seven out of 66 sources seems quite unlikely, so whereas
his alternative is not unphysical it might be improbable, at least as
n explanation for all sources. 

.3 Viable explanations 

.3.1 Jet–cloud/star interaction 

hocks in the interaction region of a jet and ISM can efficiently
ccelerate the electrons and thus increase the observed flux density
f the jet (e.g. Fraix-Burnet 1992 ). In the case that the ISM consists
f clumpy clouds only, parts of the jet might come in contact with
hem resulting in regions of enhanced emission that are smaller than
he radius of the jet (G ́omez et al. 2000 ). Particularly rele v ant in our
ase is the possible interaction between the jet base and BLR clouds
r stars (Araudo, Bosch-Ramon & Romero 2010 ; Bosch-Ramon,
erucho & Barkov 2012 ; del Palacio, Bosch-Ramon & Romero
019 ). Using reasonable physical parameters for the BLR clouds,
el Palacio et al. ( 2019 ) found a high duty cycle (10–100) for jet–
loud interactions, indicating that at any given time the jet should be
nteracting with several clouds. Of course, in case no extended jet
s present this duty cycle is lower. The number of interactions with
tars depends greatly on the size of the jet (Araudo, Bosch-Ramon &
omero 2013 ). Ho we ver, considering that ne w TDEs are frequently
isco v ered these days the number of stars very close to the central
lack hole is not negligible. According to simulations, the time-scales
f these events are of the same order as the estimated time-scales of
ur sources, that is, from less than a day to a few days, and they can
onsiderably increase the luminosity of the source. Whereas the time-
cales fit our observations, a BLR cloud or a massive star entering the
et is expected to produce a flare that should be observable over the
hole electromagnetic spectrum, which is behaviour not consistently
bserved in our sources. On the other hand, based on Fermi data, there
oes not seem to be strong evidence pointing at the BLR photons
nteracting with the jet since most blazars do not show the expected
igh-energy cut-off (Costamante et al. 2018 ). However, this result
an be explained if the main gamma-ray-emitting region in AGN is
utside the BLR and swamps the gamma-ray emission originating
nside the BLR. As a result, jet–cloud/star interaction can still cause
ares observable in lower energies, for example, in the optical and
adio regimes (Romero, Cellone & Combi 2000 ; Romero et al. 2002 ).

The issue of the missing jet also remains with this explanation.
lthough if the jet is small and embedded in the BLR clouds,

lso FFA could play a role in this scenario. Furthermore, since no
edicated simulations exist, it is unclear what the temporal evolution
f these flares in radio is. More detailed simulations will be required
o estimate if this hypothesis could provide a feasible explanation for
he extreme variability of our sources. 

.3.2 Relativistic jet and FFA with moving clouds 

n this scenario, the starting point is similar to that in Section 5.2.4 ,
ut the region of ionized gas is not uniform and stationary but consists
f moving ionized gas clouds. The AGN would be totally free–free
bsorbed most of the time and the flares take place when the nucleus
s temporarily revealed. In other words, the behaviour we observe
ould be caused by a combination of obscuration and geometry, and
ot by an intrinsic change in the jet activity. Some support for this
ypothesis was found in J1641 + 3454 in which no absorption was
etected in X-rays just after a flare when the nucleus probably was
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xposed, but a possible warm absorber is seen in the X-ray spectrum
hen the source is in a low state (L ̈ahteenm ̈aki et al. in preparation).

n this scenario, the time-scale only depends on the size of the gap in
he clouds, its distance from the radio-emitting source, and its orbital 
elocity, so the time-scales can be arbitrarily short. 

In this hypothesis, the co v ering medium would most likely be
onized BLR clouds that are considerably denser and smaller than 
SM clouds. The BLR clouds can be as dense as N e = 10 11 cm 

−3 

Ferland et al. 1992 ) with sizes around 100–400 solar radii and thus
asily able to absorb bright radio emission even at high frequencies. 
he co v ering factor of the BLR in optical is believ ed to be around
0 per cent–50 per cent, but reaching ∼100 per cent towards certain
irections (Gaskell 2009 ). 
Ho we ver, open questions remain also in this case. This scenario

equires that the jets of these sources are kinematically very young 
nd still within the BLR, and also that their advancement is hindered
nough by the BLR so that they have stayed within the BLR our
hole observing period, about 10 yr. Assuming a BLR outer radius
f 0.1 pc, the jet propagation speed would have to be � 0.03 c for this
ypothesis to be viable. Wagner et al. ( 2012 ) report a jet propagation
peed of 0.003–0.16 c in the presence of clouds impeding its progress.
hus a slow jet could stay within the BLR for up to a hundred years,
asily enough for our case (Kino et al. 2021 ; Sa v olainen et al. 2023 ).

.3.3 Magnetic reconnection 

agnetic reconnection in the jet or in the black hole magnetosphere 
as been evoked to explain fast variability in AGN, especially at 
eV and TeV energies (e.g. de Gouveia Dal Pino, Pio v ezan &
adowaki 2010 ; Giannios 2013 ; Kadowaki, de Gouveia Dal Pino 
 Singh 2015 ; Shukla & Mannheim 2020 ). It can account for high-

mplitude variability at time-scales from minutes to days. If magnetic 
econnection were to take place in the jet in the form of so-called
ets-in-jets or minijets (e.g. Ghisellini & Tavecchio 2008 ; Giannios, 
zdensky & Begelman 2009 ; Nalew ajk o et al. 2011 ), the jet would
eed to be heavily absorbed, since it remains undetected, and it
 ould lik ely still be within the BLR. Proof of classic gamma-ray
ares happening inside the BLR does e xist (Vo vk & Nerono v 2013 ;
iao & Bai 2015 ), and also signs of gamma-ray pair attenuation
ave been found (Poutanen & Stern 2010 ), further suggesting that 
ares can happen inside the BLR. Ho we ver, the research so far has
oncentrated on the high-energy characteristics of minijets, and the 
roduction of radio emission and flares in the context of magnetic 
econnection in the jet has not been studied, thus it is unclear whether
his scenario could result in the behaviour we see in our NLS1s. 

An alternative for the magnetic reconnection in the jet is the mag-
etic reconnection in the black hole magnetosphere (e.g. de Gouveia 
al Pino et al. 2010 ; Kadowaki et al. 2015 ; Kimura et al. 2022 ;
ipperda et al. 2022 ). The advantage of this explanation is that it does
ot require the presence of a permanent relativistic jet. The emission
haracteristics of these kinds of events have been studied utilizing 
RMHD simulations (Ripperda et al. 2022 ) and also development 
f the theoretical framework has been started (Kimura et al. 2022 ),
ut we still lack any direct evidence of this. de Gouveia Dal Pino
t al. ( 2010 ) and Kadowaki et al. ( 2015 ) argue that the radio and
amma-ray emission in low-luminosity AGN can be explained with 
agnetic reconnection in the black hole magnetosphere, whereas 

lazars also require a significant contribution from the relativistic 
et. Based on their model, an ef fecti vely accreting black hole with a

ass of 10 7 M � and turbulence-induced fast reconnection can show 

agnetic reconnection power spanning from 10 39 to 10 43 erg s −1 and 
hus likely enough to explain the flares in our sources. 
.4 Implications 

t is evident that more data, especially simultaneous multifrequency 
bservations of the flaring state, are required to determine the origin
f the extreme variability seen in these NLS1s. Already based on the
urrent data, the most common causes of radio variability in AGN
an be ruled out, or they would require considerable fine-tuning. 
he strictest requirements come from the variability time-scales, 
specially coupled with the extremely high, 3–4 orders of magnitude, 
mplitude of the variability. The time-scales are extraordinarily short 
nd therefore require a compact, milliparsec-scale, emitting region, 
r, alternatively, a peculiar interplay between the jet and the BLR
louds. Whereas intrinsic variability mechanisms allowing very short 
ime-scales and high amplitudes exist, most of them are still very little 
tudied or only based on simulations or theoretical work, and lack
bserv ational e vidence. To determine if an y of them could e xplain
he behaviour of our sources, a more detailed theoretical framework, 
ossibly dedicated simulations, and especially targeted observations 
ill be needed. It should be kept in mind that we cannot exclude

he possibility that we are seeing a new type of variability either.
ither way, catching flares in these sources will be challenging due

o the short time-scales and sporadic activity, but considering that 
hese NLS1s exhibit one of the most extreme radio variability seen
n AGN so far, they do deserve our full attention. 

One of the most interesting aspects of the disco v ery of these
ources is that they were found among two very differently selected
amples whose final detection percentage at MRO turned out to be
ery high at 12 per cent – eight sources out of 66 were detected.
hether our selection criteria actually helped us select NLS1s 

xhibiting this behaviour or if it was pure coincidence remains 
nclear. Observations of other NLS1 samples selected using similar 
nd different selection criteria will be needed to estimate the impact
f the selection effects. 
Either way, detecting > 10 per cent of a presumably mostly

adio-silent NLS1 sample is extraordinary and raises the question 
f whether this variability phenomenon is characteristic of NLS1s 
r possibly early-stage AGN, or if similar sources are hiding also
mong radio-weak AGN of other classes. For obvious reasons, radio- 
eak AGN have not been a target of e xtensiv e high radio frequency
onitoring campaigns and we therefore know very little about their 

ehaviour in that regime. It is possible that also strong radio AGN
xhibit this kind of beha viour, b ut that it is swamped by other sources
f radio emission and thus has remained undetected. Investigating 
n which kind of sources this phenomenon can be seen can help us
o determine the cause of the variability. Being able to identify any
ommon properties these sources have will also help us to find more
f them. 
Whether this kind of variability is limited to early-stage AGN or

f it is a more common phenomenon has implications for our current
nderstanding of AGN. These sources clearly represent an unknown 
opulation of AGN, that has gone unnoticed so far. If they are a new
ype of jetted AGN or something else entirely, is unclear, as is their
volution and relation to other classes of AGN. Furthermore, we do
ot kno w ho w common they are or if they are characteristic to the
ocal Universe, or also exist at higher redshifts. Further studies are
lso required to estimate which kind of a role they play in AGN
eedback o v er the cosmic time. 

 C O N C L U S I O N S  

n this paper, we investigated the origin of the extreme radio
ariability seen in seven NLS1s using the JVLA, the VLBA, MRO,
nd OVRO observations. These extraordinary sources defy an easy 
MNRAS 532, 3069–3101 (2024) 
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xplanation, but the new data presented in this paper allowed us
o rule out some alternatives and set additional constraints on the
ossible explanations. Our main conclusions are: 

(i) The behaviour of these sources is hard to explain with the usual
ariability mechanisms in AGN – instead a more complex scenario
r possibly a new type of physical mechanism to produce variability
s required. 

(ii) The amplitude of the variability – 3–4 orders of magnitude –
een in these sources is unprecedented, but it remains unclear whether
t is intrinsic to the source, or caused by some external circumstances.

(iii) The variability time-scales indicate that if the variability is
ntrinsic the emitting region needs to be milliparsec in size. This
mplies that the emission originates close to the black hole, clearly
nside the BLR, or from limited, confined regions in the jet. 

(iv) The high detection percentage among the original sample,
hich were not expected to be strong radio emitters, implies that these
inds of sources could be quite common, but so far our understanding
f this new population of AGN is very limited. 

Revealing the nature of these peculiar sources is of utmost
mportance as they might be the first representatives of a new type
f AGN variability, and/or a new class of jetted AGN entirely.
n the future, an increase in the sample size will be essential to
xplore this new population. Their short time-scales and sporadic
ctivity pose an observational challenge, also given how diverse their
ehaviour is at different frequencies. High-cadence multifrequency
adio monitoring with an instrument sensitive enough to detect also
he rising and decaying parts of the flares will be essential to better
haracterize their variability and set additional constraints to the dif-
erent hypotheses concerning these sources. Furthermore, given the
mall spatial scales implied by the variability time-scales, many of the
pcoming telescopes and instruments currently under development,
uch as the next generation VLA in radio, the Multi-Conjugated
daptive Optics Assisted Visible Imager and Spectrograph, and

he High Angular Resolution Monolithic Optical and Near-infrared
ntegral field spectrograph in the optical/near-infrared, and Athena in
-rays, will be crucial to study the spatial properties and evolution
f these remarkable sources. 
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ATA  AVA ILA BILITY  

he JVLA (Le gac y ID: AJ442) and the VLBA (Le gac y ID: BJ109)
ata are publicly available in the NRAO Data Archive: https://data.n 
ao.edu . The MRO and OVRO data will be made available via CDS.
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Table A1. Summary of the JVLA observations. 

Source Date T int ( X / Ku / K / Ka / Q ) 
(yyyy-mm-dd) (s) 

J1029 + 5556 2022-04-22 594/594/534/706/754 
J1228 + 5018 2022-04-24 596/596/532/706/754 
J1232 + 4957 2022-04-25 594/594/532/708/754 
J1509 + 6137 2022-03-26 594/594/532/590/754 
J1510 + 5547 2022-03-13 594/594/534/706/868 
J1522 + 3934 2022-03-16 594/594/532/704/810 
J1641 + 3454 2022-03-15 594/594/543/708/696 

Notes . Columns: (1) source name; (2) date of observations; and (3) integration 
time in each band. 

Table A2. Summary of the VLBA observations. 

Source Calibrator Distance S ν, cal T cycle 

(deg) (mJy) (s) 

J1029 + 5556 J1035 + 5628 0.99 300 180 
J1228 + 5018 J1223 + 5037 0.87 62 160 
J1232 + 4957 J1223 + 5037 1.53 62 160 
J1509 + 6137 J1526 + 6110 2.05 38 220 
J1510 + 5547 J1510 + 5702 1.26 200 160 
J1522 + 3934 J1528 + 3816 1.82 68 200 
J1641 + 3454 J1635 + 3458 1.21 190 180 

Notes . Columns: (1) target source name; (2) phase reference calibrator; (3) 
distance between the target and the calibrator; (4) calibrator’s VLBI scale 
flux density at 15 GHz; and (5) phase referencing cycle time. 
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PPENDI X  A :  DETA I LS  O F  OBSERVATI ONS  

ere, we provide some further details regarding the observations and
he data reduction procedures. 

1 JVLA and VLBA 

able A1 summarizes the JVLA observations, including the date of
he observation for each source, and the integration times in all bands.
he VLBA observations, including the name of the calibrator source,

ts distance from the target as well as its VLBI scale flux density at
5 GHz, and the phase referencing cycle time of the observation are
ummarized in Table A2 . 

2 MRO 

he quality of the MRO data and the reliability of the detections are
onstantly monitored through several semi-automatic and manual
hecks. Measurements that are considered to be of poor quality, for
xample, due to unfa v ourable weather conditions or other environ-
ental effects, are discarded semi-automatically . Additionally , faint

etections are checked manually in the final data reduction stage.
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he general flux density levels are checked to be consistent with 
djacent measurements (i.e. other sources observed before and after 
he target source). In addition, we checked if the observations of these
LS1s could be contaminated by a bright radio source falling into 

he reference beam of the MRO telescope. Using LoTSS, FIRST, and 
LASS data, we concluded that whereas there are a few moderately 
right sources with flux densities around a few hundred mJy at low
adio frequencies that could be in the reference beam, all of them
ave steep spectra, and it is thus very unlikely that any of them could
ffect these observations. 

Due to the fairly high detection limit of the telescope (i.e. approx.
00 mJy in optimal conditions, which is more than adequate for
he bright AGN monitoring programmes conducted at MRO), we 
ypically only see the highest tips of the flares in faint sources,
hereas most of the lo wer le vel acti vity remains belo w the detection

hreshold (e.g. Acciari et al. 2014 ). This is also seen in the upper
imits, the level of which can drastically change in even a short time
ue to compromised weather conditions that can also significantly 
aise the detection limit. The undetected source could be actually 
ainter due to variability or the observing conditions could be worse 
or both), and it is therefore not detected. The upper limits describe
he largest flux density the source could have in the current conditions
ut still remain below the 4 σ detection limit and cannot therefore 
e used for data analysis. Ho we ver, it has been shown that the high
ctivity periods of NLS1 sources detected at MRO correspond to 
are peaks in OVRO data (L ̈ahteenm ̈aki et al. 2017 ), confirming that
t least most of the time the two telescopes are catching the same
vents. 

2.1 Additional checks 

n addition to all the aforementioned measures to eliminate compro- 
ised observations, a series of additional checks were conducted 

o identify possible sources causing anomalous detections. The 
ollowing issues were addressed: saturation of the Peltier cooling 
lement, the effect of the pointing model, drift, contamination by 
stronomical or terrestrial radio sources such as conspicuous but rare 
ux density increases caused by aircraft in the telescope beam, and 
ure statistical chance. All these checks will be discussed in detail 
elow. 
Saturation of the Peltier cooling element. During hot summer days 

r due to prolonged heating of the radome, for example, to melt snow,
he Peltier element can saturate, leading to insufficient cooling of the 
eceiver, and a rapidly changing local oscillator (LO) power. Using 
e veral observ ations during which the Peltier element saturated but 
he observing conditions were otherwise good, we investigated what 
s the impact of the rapid and drastic changes in the LO power. We
oncluded that there is no considerable drift in the signal during any
f these observations, the levels are as expected, and the errors match
alues considered very good during summer conditions – thus, no 
lear, dramatic effects on the data are seen. Even though the LO
o wer le vel changes seem rather fast, the long integration times of
ur observations essentially help in mitigating this problem. 
Inaccurate pointing model. The pointing of the MRO telescope is 

etermined with 5-point (5p) observations of bright ( > 5 Jy) sources.
ue to the lack of consistently bright sources in the Northern sector,

he pointing model in that region of the sky is known to be insufficient,
ossibly leading to equivocal variability. A thorough investigation 
f the Northern anomaly is currently ongoing, ho we ver, there are
everal reasons why this is an unlikely explanation for the variability 
e see in our sources. First, inaccurate pointing leads to decreased 
ux densities, not increased; second, the NLS1 data do not show
onfirmed direction-dependent trends; and third, the detectability or 
aximum brightness (and thus maximum variability) of our sources 

o not depend on the declination. 
Drift. The MRO observing system monitors and reports the 

hanges in the intensity levels within the integration. The difference 
etween the maximum and minimum result of the primary beam 

f the telescope is constantly calculated during the observation and 
eported as drift . It is typically caused by weather and environmental
onditions, and can either increase or decrease the final flux density
alue, depending on which beam it starts on. The observing system
lerts the observer when notable drift is seen. The drift limits are
ather conserv ati ve, meaning that alerts are often given also when
he data quality throughout the integration is considered acceptable. 
he a v oidance system with the alerts and the human intervention
y both the observer and the data reducer are considered enough to
uarantee that no false positives induced solely by the drift are likely.
Contamination by astronomical radio sources. The possibility of 

ther extragalactic radio sources falling into the MRO beam was 
lready discussed earlier and is deemed very unlikely . Additionally ,
he MRO observing system gives a warning when a source is too
lose to the Sun or the Moon. No such checks are made for the
lanets. Ho we ver, the chances of having them within the beam is
aturally rather small, and, especially for consecutive detections for 
he same source typically taken days or weeks apart, the distance to
he planet would have changed. 

Contamination by terrestrial radio sources. At radio frequencies, 
nterference from a plethora of terrestrial sources is known to 
f fect astronomical observ ations. At MRO, the radio frequency 
nterference (RFI) environment at frequency bands lower than the 
ignal frequency is closely monitored and tests with different sources 
f radio emission have been conducted. The sources of RFI vary from
obile phones to faulty LED light bulbs. These can show up as added

oise levels or interference at MRO’s intermediate frequencies, but 
here are no documented cases where they would have shown up
s clear spikes in the 37 GHz data. What has been shown to cause
 high-intensity spike at 37 GHz is an aeroplane as a black body
assing through the beam. This effect is seen as a fast, typically 0.3 s
pik e. Even though f ast, the spik e is very strong, typically several tens
f times higher in amplitude than the actual source; for example, one
f the first such spikes disco v ered was ∼160 Jy. Because it is very
ast, the impact on the final data is not dramatic and usually shows
p as a larger-than-expected error. MRO has a warning system for
etecting such spikes and the observers are also instructed to look
or such spikes in the data. During data reduction anomalous cases of
igh errors or odd flux densities al w ays lead to a proper investigation
f the auxiliary data and plots, which reveals these spikes. 
Statistical c hance . According to the central limit theorem (CLT),

he sampling distribution of the mean will al w ays be normally
istributed as long as the sample size is large enough, independent 
f the original distribution. We can thus use the one-tail normal
istribution to estimate the number of false detections arising from 

his condition. The CLT dictates that a false 4 σ detection should
ccur once in every 31 546 data points. This is rare but not impossible,
hereas successive false detections are extremely rare. Ho we ver, in

eality changing conditions make estimating the noise sigma difficult 
nd a perfect normal distribution is not guaranteed. If the number of
alse detections at different sigma levels significantly deviates from 

he predicted numbers it could mean that there are unknown factors
n play, possibly increasing the chances of obtaining anomalous 
etections. This is currently being tested at MRO by introducing 
 f ak e test source at a sky position as clear of radio sources as
MNRAS 532, 3069–3101 (2024) 
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ossible. Three test runs have been completed so far, resulting in
60 observations of empty radio sky. Out of these observations, none

xceeded 3 σ , two were 2 σ–3 σ , and the rest < 2 σ . The CLT predicts
.3 2 σ and 0.135 3 σ measurements per one hundred repetitions, and
hus the results of observing the empty sk y re gion seem to be in
ine with theory. Ho we ver, more observ ations need to and will be
erformed to impro v e the statistics. Either way, these observations
esulted in zero detections, indicating that there do not seem to be
ystematic sources of error leading to false detections at the rates we
ee in our sources. 

Based on all the checks described in this section, we were unable
o identify viable sources of false detections. In principle, some
nkno wn ef fect causing this phenomenon can exist, but it should also
ffect all the other AGN monitored at MRO, and no signs of this kind
f beha viour ha ve been seen when investigating the detectability of
ther faint AGN samples. To the best of our knowledge, these NLS1
etections are real and reliable. 

3 OVRO 

he AGN monitoring sample at OVRO mostly consists of bright
lazar-type objects, with the majority having a mean flux density
 60 mJy (Richards et al. 2014 ). Therefore in the schedules, each

bservation consists of four on–on integrations, each 8 s long,
esulting in a total integration time of 32 s. Given the small number
f on–on integrations, it is possible that atmospheric fluctuations or
ointing errors result in outliers in the light curves (Richards et al.
014 ). Moreo v er, the number of observations performed each day
s large (up to 500) so that it is possible that some, apparently high
/N observations, occur purely due to random fluctuations. The data
re processed with an automated pipeline, where manual editing is
one to flag obviously bad periods of data, and data are automatically
agged based on large changes within the four on–on integrations
nd other diagnostics (see Richards et al. 2011 , for details). Ho we ver,
ndividual data points are not typically manually inspected, as for the
ariability analysis of bright blazars, the effect of outliers in the data
s small (Richards et al. 2014 ). 

Because of the faintness of the NLS1 targets, we have done
dditional manual checks to inspect the quality of the detections,
hich we describe here. We note that in all the cases described
elow, the flux density of the spurious detection has been less than
0 mJy and mostly < 10 mJy, or the uncertainty has been larger than
sual so that similar observations in our blazar light curves would
ot be as problematic. 
The receiver records both right- and left-hand circular polarization

eparately with the final observation being a weighted average of the
wo. We can thus inspect the two values separately to verify that the
ource has been detected in both polarizations (here we assume that
he circular polarization of the objects is negligible, as is the case
or most blazars at 15 GHz (e.g. Homan & Lister 2006 ). This made
s reject two spurious detections in J1232 + 4957. Additionally, we
ave inspected observations of other nearby sources to see whether
here are data that have been automatically flagged in the pipeline
NRAS 532, 3069–3101 (2024) 
lose to the observation of the NLS1, indicative of potentially poor
bserving conditions. This resulted in the rejection of one spurious
etection in J1641 + 3454. 
In 2021 October, we also changed the observing strategy of these

LS1 targets so that they are observed twice in a row in the schedules.
his way we can see whether short-term atmospheric effects or
ad conditions have resulted in spurious detections if the two
onsecuti ve observ ations sho w a large dif ference, as we would not
xpect large changes on a time-scale of ∼ 1 min. This resulted in the
ejection of single spurious detections in J1029 + 5556, J1509 + 6137,
1510 + 5547, and J1522 + 3934, all of which had moderate S/N
alues of ∼4–9. 

The remaining detections in the paper either show detections
n two consecutive observations (J1522 + 3934) or consistent flux
ensities in the right- and left-hand circular polarization and no
pparent problems with nearby targets (J1029 + 5556, J1522 + 3934,
nd J1641 + 3454). Ho we ver, we cannot fully exclude additional,
nkno wn ef fects in the observ ations before 2021 October when the
ources were observed only once in a row, especially in J1029 + 5556
nd J1641 + 3454 that do not show any other detections in the OVRO
ight curves. J1522 + 3934 on the other hand seems more reliable
ecause of its multiple detections. 

PPENDI X  B:  R A D I O  MAPS  

he JVLA radio maps with likely detections are shown here.
his includes X -, Ku -, K -, Ka -, and Q -band maps of J1228 + 5017

Figs B1 –B5 ), X - and Ku -band maps of J1232 + 4957 (Figs B6 –
7 ), X -, Ku -, K -, and Ka -band maps of J1522 + 3934 (Figs B8 –
11 ), and X -, Ku -, K -, Ka -, and Q -band maps of J1641 + 3454

Figs B12 –B16 ). 

igure B1. JVLA X -band radio map of J1228 + 5017, rms = 7 μJy beam 

−1 ,
ontour levels at −3, 3, 6, 12 rms, and beam size 1.20 kpc × 0.91 kpc
0.294 arcsec × 0.223 arcsec). 
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Figure B2. JVLA Ku -band radio map of J1228 + 5017, rms = 6 μJy beam 

−1 , 
contour levels at −3, 3, 6, 12 rms, and beam size 0.78 kpc × 0.58 kpc 
(0.191 arcsec × 0.142 arcsec). 

Figure B3. JVLA K -band radio map of J1228 + 5017, rms = 9 μJy beam 

−1 , 
contour levels at −3, 3, 6, 12 rms, and beam size 0.52 kpc × 0.38 kpc 
(0.129 arcsec × 0.094 arcsec). 

Figure B4. JVLA Ka -band radio map of J1228 + 5017, rms = 12 μJy 
beam 

−1 , contour levels at −3, 3, 6 rms, and beam size 0.34 kpc × 0.26 kpc 
(0.083 arcsec × 0.064 arcsec). 

Figure B5. JVLA Q -band radio map of J1228 + 5017, rms = 31 μJy beam 

−1 , 
contour levels at −3, 3 rms, and beam size 0.24 kpc × 0.20 kpc (0.060 arcsec 
× 0.050 arcsec). 
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M

Figure B6. JVLA X -band radio map of J1232 + 4957, rms = 7 μJy beam 

−1 , 
contour levels at −3, 3 rms, and beam size 0.98 kpc × 0.88 kpc (0.240 arcsec 
× 0.215 arcsec). 

Figure B7. JVLA Ku -band radio map of J1232 + 4957, rms = 5 μJy beam 

−1 , 
contour levels at −3, 3, 6 rms, and beam size 0.65 kpc × 0.57 kpc (0.159 arcsec 
× 0.141 arcsec). 

Figure B8. JVLA X -band radio map of J1522 + 3934, rms = 8 μJy beam 

−1 , 
contour levels at −3, 3, 6, 12, 24 rms, and beam size 0.36 kpc × 0.31 kpc 
(0.248 arcsec × 0.213 arcsec). 

Figure B9. JVLA Ku -band radio map of J1522 + 3934, rms = 6 μJy beam 

−1 , 
contour levels at −3, 3, 6, 12, 24 rms, and beam size 0.24 kpc × 0.21 kpc 
(0.162 arcsec × 0.142 arcsec). 
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Figure B10. JVLA K -band radio map of J1522 + 3934, rms = 9 μJy beam 

−1 , 
contour levels at −3, 3, 6, 12 rms, and beam size 0.17 kpc × 0.16 kpc 
(0.114 arcsec × 0.106 arcsec). 

Figure B11. JVLA Ka -band radio map of J1522 + 3934, rms = 13 μJy 
beam 

−1 , contour levels at −3, 3, 6 rms, and beam size 0.10 kpc × 0.07 kpc 
(0.095 arcsec × 0.069 arcsec). 

Figure B12. JVLA X -band radio map of J1641 + 3454, rms = 7 μJy beam 

−1 , 
contour levels at −3, 3, 6, 12, 24 rms, and beam size 0.73 kpc × 0.59 kpc 
(0.259 arcsec × 0.210 arcsec). 

Figure B13. JVLA Ku -band radio map of J1641 + 3454, rms = 5 μJy beam 

−1 , 
contour levels at −3, 3, 6, 12, 24 rms, and beam size 0.49 kpc × 0.41 kpc 
(0.174 arcsec × 0.146 arcsec). 
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igure B14. JVLA K -band radio map of J1641 + 3454, rms = 8 μJy beam 

−1 ,
ontour levels at −3, 3, 6, 12 rms, and beam size 0.33 kpc × 0.27 kpc
0.117 arcsec × 0.096 arcsec). 

igure B15. JVLA Ka -band radio map of J1641 + 3454, rms = 11 μJy
eam 

−1 , contour levels at −3, 3, 6 rms, and beam size 0.29 kpc × 0.18 kpc
0.103 arcsec × 0.065 arcsec). 
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igure B16. JVLA Q -band radio map of J1641 + 3454, rms = 33 μJy
eam 

−1 , contour levels at −3, 3 rms, and beam size 0.20 kpc × 0.14 kpc
0.071 arcsec × 0.049 arcsec). 

PPENDI X  C :  L I G H T  C U RV E S  

he light curves of our sources from the beginning of 2014 to mid-
022 are shown here. Figs C1 –C7 show light curves including low-
esolution (MRO and OVRO) and high-resolution (JVLA, VLBA,
nd VLASS) data. Due to the strongly varying flux densities these
lots are in logarithmic scale. The light curves in Figs C8 –C14 show
nly the MRO and OVRO data in linear scale, and include also the
 σ upper limits for both observatories. 

igure C1. Light curve of J1029 + 5556. Symbols explained in the figure.
bserved frequencies are: MRO 37 GHz, OVRO and VLBA 15 GHz, VLA 1
.6, 5.2, and 9 GHz, and VLA 2 10, 15, 22, 33, and 45 GHz. Filled symbols
enote integrated flux densities and empty symbols mark peak flux densities,
xcept empty symbols with do wnward arro ws that are used for upper limits.
LA 1 data from Berton et al. ( 2020b ) and VLA 2 data from this paper. 
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Figure C2. Light curve of J1228 + 5017. Symbols as in Fig. C1 . Observed 
frequencies are: MR O 37 GHz, OVR O and VLBA 15 GHz, VLA 1 1.6, 5.2, 
and 9 GHz, and VLA 2 10, 15, 22, 33, and 45 GHz. 

Figure C3. Light curve of J1232 + 4957. Symbols as in Fig. C1 . Observed 
frequencies are: MR O 37 GHz, OVR O and VLBA 15 GHz, VLA 1 1.6, 5.2, 
and 9 GHz, VLA 2 10, 15, 22, 33, and 45 GHz. 

Figure C4. Light curve of J1509 + 6137. Symbols as in Fig. C1 . Observed 
frequencies are: MR O 37 GHz, OVR O and VLBA 15 GHz, VLA 1 1.6, 5.2, 
and 9 GHz, and VLA 2 10, 15, 22, 33, and 45 GHz. 

Figure C5. Light curve of J1510 + 5547. Symbols as in Fig. C1 . Observed 
frequencies are: MR O 37 GHz, OVR O and VLBA 15 GHz, VLA 1 1.6, 5.2, 
and 9 GHz, and VLA 2 10, 15, 22, 33, and 45 GHz. 
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Figure C6. Light curve of J1522 + 3934. Symbols as in Fig. C1 . Observed 
frequencies are: MR O 37 GHz, OVR O and VLBA 15 GHz, VLA 1 1.6, 5.2, 
and 9 GHz, VLA 2 10, 15, 22, 33, and 45 GHz, and VLASS 3 GHz. 

Figure C7. Light curve of J1641 + 3454. Symbols as in Fig. C1 . Observed 
frequencies are: MR O 37 GHz, OVR O and VLBA 15 GHz, VLA 1 1.6, 5.2, 
and 9 GHz, VLA 2 10, 15, 22, 33, and 45 GHz, and VLASS 3 GHz. 

Figure C8. MRO (37 GHz) and OVRO (15 GHz) light curves of J1029 + 5556. Symbols are explained in the figure. Symbols with do wnward arro ws denote 
upper limits, for the JVLA and the VLBA only the epochs of the observations are marked. 
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Figure C9. MRO (37 GHz) and OVRO (15 GHz) light curves of J1228 + 5017. Symbols as in Fig. C8 . 

Figure C10. MRO (37 GHz) and OVRO (15 GHz) light curves of J1232 + 4957. Symbols as in Fig. C8 . 
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Figure C11. MRO (37 GHz) and OVRO (15 GHz) light curves of J1509 + 6137. Symbols as in Fig. C8 . 

Figure C12. MRO (37 GHz) and OVRO (15 GHz) light curves of J1510 + 5547. Symbols as in Fig. C8 . 
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Figure C13. MRO (37 GHz) and OVRO (15 GHz) light curves of J1522 + 3934. Symbols as in Fig. C8 . 

Figure C14. MRO (37 GHz) and OVRO (15 GHz) light curves of J1641 + 3454. Symbols as in Fig. C8 . 
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