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Abstract

SDSS J1539+3954 (z ≈ 1.935), a radio-quiet weak-line quasar (WLQ), exhibited exceptional X-ray variability in
2019–2020, with its X-ray flux increasing by over 20 times from 2013 to 2019 and subsequently dropping by at
least a factor of 9 in 2020. Motivated by the empirical correlations between X-ray and radio emission in the cores
of active galactic nuclei (AGNs), we carried out a follow-up radio study in the 0.3–10 GHz range using the Giant
Metrewave Radio Telescope (GMRT; 2020, 2022, 2024) and Very Large Array (VLA; 2022), and analyzed
archival Very Large Array Sky Survey (VLASS) 3 GHz data (2017–2023) to investigate the source’s radio
properties and potential connection with the X-ray behavior. Our observations reveal a compact radio source with
a spectral index of −0.65 ± 0.15 in the frequency range 0.3–1.4 GHz and −1.09 ± 0.16 in 3–10 GHz. While the
source was undetected in VLA-FIRST (1994) and VLASS epochs, the GMRT and VLA observations show no
statistically significant variability over the monitored period. The absence of detectable changes in the radio flux,
despite strong X-ray variability, suggests no direct connection between the X-ray variability and the radio
emission, consistent with the thick-disk-plus-outflow (TDO) model for WLQs. However, the sensitivity limit of
the surveys prevents us from drawing definitive conclusions regarding variability on longer timescales between
the VLA-FIRST and GMRT epochs. We further explore possible mechanisms driving the radio emission from
this source. Our analysis rules out small-scale jets and coronal emission as the primary drivers of the radio
emission, suggesting that extended emission from AGN winds and star formation is the more plausible
mechanism.

Unified Astronomy Thesaurus concepts: Active galaxies (17); Active galactic nuclei (16); Quasars (1319); Radio
sources (1358); Radio quiet quasars (1354)

1. Introduction

Active galactic nuclei (AGNs) are classified into radio-loud
and radio-quiet categories based on the radio loudness (R)
parameter, which is the ratio of flux densities observed at 6 cm
and 4400 Å wavelengths; an AGN is considered radio-loud
(RL) if R � 10 (K. I. Kellermann et al. 1989, 1994), but as
radio-quiet (RQ) otherwise. Nonetheless, more recent studies,
including those by K. I. Kellermann et al. (2016), reveal that
quasars (or QSOs) do not exhibit a strictly bimodal distribution
in radio-loudness. Instead, there appears to be a continuous
distribution with a broad overlap between the RL and RQ
populations. In RL-AGNs, the radio emission predominantly
arises from the jets, whereas in RQ-AGNs, the origin of radio
emission is not well understood and likely differs from one
object to another. F. Panessa et al. (2019) discuss the proposed
models for physical processes driving radio emission in RQ-

AGNs, including emission due to AGN activity such as small-
scale jets, free–free emission from the AGN core, and
accelerated charged particles at relativistic speeds in the
corona. However, sometimes the radio emission from RQ-
AGNs can be dominated by strong star formation in the host
galaxy (P. Padovani et al. 2011; J. J. Condon et al. 2013).

The exact nature of how radio outflows are connected to
accretion disk properties in AGNs remains unknown. Thus,
understanding the synergy between accretion and outflows in
the neighborhood of black holes is important to our knowledge
of how the latter impact their environments. For example,
based on the strong observational correlations between optical
and radio powers, a connection between the disk accretion rate
and the production of radio jets has been suggested by
C. J. Willott et al. (1999) for radio galaxies and by L. C. Ho &
C. Y. Peng (2001) for Seyfert-I nuclei. W. Brinkmann et al.
(2000) correlated the ROSAT All-Sky Survey (W. Voges
et al. 1999) and the Very Large Array–Faint Images of the
Radio Sky at Twenty-Centimeters (VLA-FIRST, R. H. Becker
et al. 1995) catalog and have shown that there is some
correlation between the X-ray 2 keV luminosity and the radio
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5 GHz luminosity for bright AGNs and quasars. A. Merloni
et al. (2003) and E. Körding et al. (2006) studied the
correlations between the radio luminosity (LR), X-ray
luminosity (LX), and black hole mass (MBH) for a sample of
100 AGNs and demonstrated that the sources define a
“fundamental plane of black hole activity” (FP correlation).
P. Saikia et al. (2015, 2018) found a similar correlation
between the 1.4 GHz radio-frequency emission and the X-ray
emission/[O III] line emission from AGNs. However, follow-
up studies such as those by T. C. Fischer et al. (2021) and
Y. Wang et al. (2024) report deviations from the FP correlation
among AGNs, which appear to depend on factors such as the
accretion rate, AGN classification, and the nature of their radio
emission. S. F. Zhu et al. (2020, 2021) investigated the
previously examined L2 keV–L2500 Å–L5 GHz relation
(B. P. Miller et al. 2010) for RL and radio-intermediate (RI)
quasars for a large sample of RL quasars, revealing
connections between the disk, jet, and corona.

Weak-line quasars (WLQs) are identified as a subclass of
AGNs that typically exhibit weak high-ionization emission
lines or the absence of emission lines (X. Fan et al.
1999, 2001, 2006; S. F. Anderson et al. 2001; M. J. Collinge
et al. 2005; A. M. Diamond-Stanic et al. 2009; R. M. Plotkin
et al. 2010; H. Meusinger & N. Balafkan 2014). The
equivalent widths of high-ionization emission lines such as
Lyα + N V and C IV are observed to be �15.4 Å and �10 Å in
their rest-frame UV spectra, respectively. In general, WLQs
are radio-quiet AGNs and exhibit distinctive X-ray character-
istics (J. Wu et al. 2012; B. Luo et al. 2015). Approximately
half of the WLQs exhibit weaker X-ray emission than
predicted by the well-established correlation between X-ray
(L2 keV) and UV (L2500 Å) luminosities observed in quasars
(H. Tananbaum et al. 1986; W. N. Brandt et al. 2000;
A. T. Steffen et al. 2006; D. W. Just et al. 2007; K. M. Leighly
et al. 2007a, 2007b; E. Lusso & G. Risaliti 2016). In contrast,
the remaining half of the WLQs, not X-ray-faint, exhibit steep
X-ray spectra, signifying accretion occurring at elevated
Eddington ratios or similar to that of normal quasars (J. Wu
et al. 2011, 2012; B. Luo et al. 2015; Q. Ni et al. 2018, 2022).
Thus, WLQs exhibit a broad spectrum of X-ray luminosities.

Several models have been proposed to explain the peculiar
emission-line/X-ray properties of WLQs and their possible
connection. For instance, O. Shemmer et al. (2010), K. Hryn-
iewicz et al. (2010), and R. Kumar et al. (2022) have proposed
a model featuring an anemic broad emission-line region (BLR)
or an underdeveloped BLR with a significant deficit of line-
emitting gas, in contrast to the scenario previously suggested
by K. M. Leighly et al. (2007a, 2007b), which involved a
supermassive black hole with a large mass accreting at an
extremely high Eddington ratio. Several studies, including
those by A. M. Diamond-Stanic et al. (2009), R. M. Plotkin
et al. (2010), B. Luo et al. (2015), Q. Ni et al. (2018, 2022),
and T. Ha et al. (2023), suggest that WLQs are radio-quiet
AGNs that accrete at high Eddington ratios. A system with a
high black hole mass and a cold accretion disk was proposed
by A. Laor & S. W. Davis (2011). O. Shemmer & S. Lieber
(2015) studied a small sample of WLQs in the context of the
modified Baldwin effect and found that WLQ line properties
do not solely depend upon the Eddington ratio for accretion.
Multiwavelength studies of WLQs by J. Wu et al.
(2011, 2012), B. Luo et al. (2015), and Q. Ni et al.
(2018, 2022) suggest an intrinsically obscured continuum.

The model with a thick inner accretion disk and outflow (TDO;
B. Luo et al. 2015; Q. Ni et al. 2018) offers a suitable
explanation of the observed X-ray and emission-line properties
of WLQs by proposing the presence of a puffed-up inner
accretion disk that prevents the high-energy photons from
reaching the BLR, giving rise to the observed optical spectra
with blueshifted weak UV emission lines.

In the year 2020, Q. Ni et al. (2020) reported an event
characterized by an exceptional increase in X-ray intensity of a
non-broad absorption line (non-BAL) WLQ, SDSS
J153913.47+395423.4 (hereafter SDSS J1539+3954) in its
Chandra observations. The quasar, at redshift z ≈ 1.935,
underwent a ≳20-fold increase in soft X-ray flux (0.5–2 keV)
from 2013 to 2019 (termed the “X-ray normal epoch”),
followed by a ∼9-fold drop over a short period of ≲8 months
in 2020, as reported by Q. Ni et al. (2022). While the
relationship between X-ray and UV/optical emissions in
AGNs has been extensively studied, no significant changes
were observed in the C IV line emission from the quasar. The
object has a bolometric luminosity Lbol = 1.5 × 1047 erg s−1,
which makes it one of the most luminous WLQs to show such
remarkable variability in X-rays.

The radio emission properties of WLQs remain relatively
unexplored, particularly in comparison to their well-documen-
ted UV, optical, and X-ray characteristics. While numerous
studies have established strong correlations between X-ray and
radio emissions in typical quasars, it is unclear whether these
relationships hold for WLQs, especially given their unusual
emission-line strengths and diverse X-ray properties. In this
context, investigating the radio emission of SDSS J1539
+3954 is particularly interesting, as the source has exhibited
remarkable X-ray variability. In this study, we analyze SDSS
J1539+3954 across multiple radio-frequency bands, aiming to
explore any correlation between the observed variabilities in
X-ray and radio emissions of this quasar, particularly
investigating the presence of radio variability and the
mechanisms underlying radio emission in this radio-quiet
source.

A description of the X-ray properties of the source and
radio/optical data analysis is given in Section 2. Section 3
includes results obtained from the radio/optical data analysis
and their interpretations. We discuss the implications of
observed properties of the source in Section 4. The main
conclusions are summarized in Section 5. For this work, we
assume a flat cosmological model of the Universe and
adopt the following parameters: H0 = 69.6 km s−1 Mpc−1,
ΩM = 0.286, and Ωvac = 0.714.

2. Observations and Data Analysis

2.1. Archival X-Ray Data

Q. Ni et al. (2022) observed the quasar SDSS J1539+3954
in the X-ray energy band of 0.5–8.0 keV using the Advanced
CCD Imaging Spectrometer spectroscopic array (ACIS;
G. P. Garmire et al. 2003) on board the Chandra satellite in
very faint (VFAINT) mode in 2013, 2019, and 2020. They
analyzed the datasets in the energy bands 0.5–8.0 keV (full
band), 0.5–2.0 keV (soft band), and 2.0–8.0 keV (hard band)
separately. The source was undetected in 2013 and exhibited
an exceptional increase in X-ray intensity in the soft-band
X-ray region in the 2019 observation. Between 2013 and 2019,
a ≳20-fold increase in X-ray flux was observed from the
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object. The soft X-ray flux from SDSS J1539+3954 declined
again in 2020 by a factor of �9 in a short period of ≲8 months,
falling below the detection threshold again. Table 1 of Q. Ni
et al. (2020) and Table 3 of Q. Ni et al. (2022) contain a
comprehensive list of reported source parameters for each
Chandra observation of the source, including source counts,
observed spectral index, and observed fluxes from the source
in both soft (0.5–2.0 keV) and hard (2.0–8.0 keV) X-ray bands.
The source was detected only in 2019 during the X-ray
brightening phase, remaining undetected in all previous and
subsequent epochs. The Chandra full-band (0.5–8.0 keV)
spectrum obtained during the X-ray-bright phase in 2019
was observed to follow an effective power law with a photon
index of Γeff = 2.0 ± 0.4.

2.2. Radio Observations

To assess the radio spectral properties of the quasar SDSS
J1539+3954 across different frequencies and investigate any
potential variability, specifically in the range 340 MHz–
10 GHz, we utilize both archival data and targeted observa-
tions of the source. The above-mentioned frequency bands are
selected to examine the total emission, including both core and
extended emission, from the source. We present the informa-
tion obtained from radio surveys in Section 2.2.1. Details of
radio observations of the source and data analysis are
discussed in Sections 2.2.2 and 2.2.3.

2.2.1. Archival Radio Data

In order to analyze the behavior of the source across
different radio-frequency bands, we assessed the availability of
archival data. The VLA-FIRST survey at 1.4 GHz
(R. H. Becker et al. 1995) and the Very Large Array Sky
Survey (VLASS; M. Lacy et al. 2020) at 3 GHz provide quick-
look images for the radio sky at frequencies of 1.4 GHz and
3 GHz conducted over the years 1993–2011 and 2017–2023,
respectively. Radio intensity images for the source SDSS
J1539+3954 obtained from the VLA-FIRST and VLASS
surveys undertaken in 1994 and 2017–2023 do not detect radio
emission from this source, with background rms of about 140
and 120 μJy beam−1 for the VLA-FIRST and VLASS surveys,
respectively. The nondetection of the source in the available
archival data at around 1.4 GHz and 3 GHz can be attributed to
faint radio emission from the source and the sensitivity limits
of both surveys.

2.2.2. GMRT Observations

We obtained radio interferometric data from the upgraded
Giant Metrewave Radio Telescope (GMRT) in the years 2020,
2022, and 2024, following the epochs of reported X-ray
variability. We observed the source in the years 2020 (Project
ID: ddtC119 and ddtC140, PI: M. Vivek), 2022 (Project ID:
41_062, PI: M. Vivek), and 2024 (Project ID: 46_028, PI:
Ayushi Chhipa) using three frequency bands of the GMRT,
namely Band 3 (250–500 MHz), Band 4 (550–850 MHz), and
Band 5 (1050–1450 MHz) using the full configuration of 29
antennas. GMRT observations conducted in 2020 are quasi-
simultaneous with the X-ray observation obtained from
Chandra. The datasets were recorded in total intensity mode
with 2048 frequency channels, spanning a bandwidth of
400 MHz in Bands 5 and 4, and 200 MHz in Band 3, using an
integration time of 10 s. The total observation time was about

3 hr for all the frequency bands. 3C 286 was used as the flux
and bandpass calibrator for GMRT observations conducted in
all frequency bands. J1602+334 (or J1602+3326) and J1609
+266 were used as phase calibrators for GMRT observations
in Bands 4 and 5, and Band 3, respectively.

We use the Common Astronomy Software Application
(CASA) software, developed by The CASA Team et al.
(2022), to reduce and analyze the radio data collected from the
radio observations. The initial flagging of the data and removal
of radio-frequency interference (RFI) was done using standard
CASA tasks. Specifically, we utilized the TFCROP mode of
the FLAGDATA task for initial flagging, followed by manual
flagging of corrupted channel bins and time bins using the
MANUAL mode in the FLAGDATA task. The R. A. Perley &
B. J. Butler (2017) scale was adopted to set the flux density of
the flux calibrator 3C 286. The basic calibration rounds,
including phase, delay, bandpass, and complex gain calibra-
tions, were carried out according to standard procedures. We
extracted the calibrated target source visibilities using the
SPLIT task in CASA. This extraction was performed with
averaged spectral channels to reduce data volume without
introducing bandwidth smearing.

The Stokes-I images of the target were generated using the
TCLEAN task in CASA, employing the multiterm multi-
frequency synthesis (mtmfs) deconvolver as described by
U. Rau & T. J. Cornwell (2011) and utilizing the Briggs
weighting scheme. We use phase-only self-calibration along
with multiple TCLEAN rounds to improve the image fidelity.
The approximate beam sizes obtained for Band-3, Band-4, and
Band-5 images are 6.5 × 5.3, 3.7″ × 3.4, and 2.9 × 1.9
respectively. We utilize the Gaussian fitting method imple-
mented in the IMFIT task in CASA to calculate the integrated
flux density emitted by the source. The flux density errors are
estimated using the formula Sprms

2( )+ (K. W. Weiler
et al. 1986; R. Kale et al. 2019), where σrms is the rms noise of
the radio images for the point-source region obtained from the
Gaussian fit, S is the source flux density, and σp is the absolute
percentage error in the flux density, which is assumed to be
10% (conservative for GMRT and VLA).

Figure 1 shows the radio intensity images for the source
field in all the GMRT bands, Band 3 (250–500 MHz, left
column), Band 4 (550–850 MHz, middle column), and Band
5 (1050–1450 MHz, right column). The three rows show the
radio images obtained in the year 2020 (epoch 1; top row),
2022 (epoch 2; middle row), and 2024 (epoch 3; bottom row).
The beam shape, flux densities, and observation dates are
noted in every image. The acquired flux densities for GMRT
Bands 3, 4, and 5 in 2020 are 0.817 ± 0.090 mJy, 0.545 ±
0.063 mJy, and 0.378 ± 0.041 mJy, respectively. Similarly, for
the GMRT observations in 2022 and 2024, the obtained flux
densities for Bands 3, 4, and 5 are 0.927 ± 0.140 mJy (2022);
0.550 ± 0.062 mJy (2022) and 0.569 ± 0.094 mJy (2024); and
0.394 ± 0.050 mJy (2022) and 0.380 ± 0.049 mJy (2024),
respectively. The observed flux densities are also listed in
Table 1 for epochs 1, 2, and 3, respectively.

2.2.3. VLA Observations

We also obtained observations in the S (2.0–4.0 GHz),
C (4.0–8.0 GHz), and X (8.0–12.0 GHz) bands with the Karl
G. Jansky Very Large Array (VLA; Project ID: 22A-166, PI:
M. Vivek) in the A-configuration using all 27 antennas in
2022, to examine the broadband radio spectral behavior at
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higher frequencies and to probe the core emission of the
source. For VLA observations, the data were recorded using a
3 bit sampler in bands C and X, covering a 4 GHz bandwidth,
and an 8 bit sampler in band S, covering a bandwidth of
2 GHz. The source J1602+334 (or J1602+3326) was used as
the phase calibrator for VLA observations.

The initial flagging and calibration for the data obtained
from the VLA observations were conducted using the VLA
Calibration PIPELINE in CASA (v6.2.1.7). We extracted the
calibrated visibilities of the target source using the SPLIT task
in CASA, and the Stokes-I images of the target were generated
using the TCLEAN task, employing the mtmfs deconvolver
utilizing the Briggs weighting scheme. The approximate beam
sizes obtained for Band-S, Band-C, and Band-X images are
1.1 × 0. 54, 0.51 × 0.3, and 0.33 × 0.23, respectively.

In the analysis of the VLA data as well, we introduced a
systematic error of 10% in bands S, C, and X to accommodate
calibration uncertainties, alongside the Gaussian fit error
similar to the GMRT data analysis. Figure 2 shows the radio

intensity images for the source field in the three VLA bands,
Band S (2.0–4.0 GHz; left panel), Band C (4.0–8.0 GHz;
middle panel), and Band X (8.0–12.0 GHz; right panel) as
observed in the year 2022 (epoch 2). The beam shape, flux
densities, and observation dates are noted in every image. Flux
densities of 0.159 ± 0.022 mJy, 0.090 ± 0.013 mJy, and 0.041
± 0.008 mJy are obtained for the VLA Bands S, C, and X. The
observed flux densities are listed in Table 1 along with the
GMRT observed flux densities in the year 2022.

2.2.4. Optical Spectra and Light Curves

To evaluate how the strong X-ray fluctuations impact the
optical continuum and line-emission properties of the source,
we obtained its spectra from the Sloan Digital Sky Survey
(SDSS) DR16 catalog (B. W. Lyke et al. 2020), which
includes observed spectra of the source from 2004, 2012, and
2017. Additionally, we used the 2 m Himalayan Chandra
Telescope–Himalayan Faint Object Spectrograph Camera
(HCT–HFOSC) to observe the source following the X-ray

Figure 1. Flux density images with overplotted contours (dashed lines are used for negative contours) for the GMRT observations conducted in years 2020 (top row),
2022 (middle row), and 2024 (bottom row). The contour levels scale as (image rms noise) × [−3, 3, 7, 9, 13, 15]. All the images are arranged in increasing order of
frequency from left to right columns at 340 MHz, 750 MHz, and 1250 MHz, respectively. The solid ellipse at the bottom of every image represents the beam shape.
The approximate beam sizes obtained for Band-3, Band-4, and Band-5 images are 6.5 × 5.3, 3.7 × 3.4, and 2.9 × 1.9 respectively. Respective flux density values
for the source SDSS J1539+3954 are mentioned within the image panels along with the corresponding frequency band and observation date.
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brightening and dimming episodes in 2020 and 2021,
capturing its spectrum. HFOSC is an imaging cum
spectrograph instrument used for spectroscopy. We have
obtained spectra for the source SDSS J1539+3954 using the
Grism-7 covering the wavelength region from 3000 to 8000 Å.
An FeAr lamp was used for the wavelength calibration for the
observation, and a halogen lamp as a flat field.

We analyzed the data using the standard packages of the
IRAF software (D. Tody 1986). After performing the initial
bias, flat, and cosmic-ray corrections, we extracted the source
spectrum using the DOSLIT package. Furthermore, to check
for variability of the optical continuum in the source, we
acquire the light curve from the Zwicky Transient Facility
(ZTF-IPAC) in the g band as well. The observed properties of
the source in the optical spectra and ZTF g-band light curve
are discussed in Section 3.

3. Results

Figures 1 and 2 present the radio intensity images obtained
for the source from the GMRT and VLA observations
conducted in 2020, 2022, and 2024, spanning the frequency
range from 340 MHz to 10 GHz. Unlike the observations in the
VLA-FIRST and VLASS epochs, the source is well detected

across this whole frequency range. The structure of the source
remains unresolved across all frequencies, appearing pointlike
in all images. This unresolved nature can be attributed to the
combination of its high redshift (z ∼ 1.93) and the baseline
limitations of GMRT and VLA. We achieve a maximum
resolution of approximately 0.23 with the VLA X-band
(10 GHz) observation of the source, corresponding to a spatial
scale of up to 2 kpc in the source rest frame. The flux densities
measured across all three GMRT observation epochs are
consistent within their respective uncertainties, indicating no
significant radio variability over six years.

To characterize the spectral properties of the radio emission
from the source, we use a power-law model of the form

F A 1( )=

applied to the flux densities obtained from GMRT and VLA
observations at different frequencies. Here Fν is the flux
density obtained at the frequency ν, and A and α are the
estimated scale factor and spectral index, respectively. We use
the nonlinear least-squares optimization method to estimate the
spectral parameters of the radio emission. The measured flux
densities for all the epochs of the GMRT observations are
consistent with emissions that are nonthermal in nature with

Table 1
Observed Flux Density for the Source SDSS J1539+3954 in GMRT Bands 3, 4, and 5 and VLA Bands S, C, and X in

2020 (epoch 1), 2022 (epoch 2), and 2024 (epoch 3)

Observation Epoch Observation Date Observation Band Duration of Observation Image Frequency Observed Flux Density rms Noise
(Minutes) (MHz) (mJy) (mJy beam−1)

1 2020 Jul 29 GMRT Band 3 133.0 340 0.817 ± 0.090 0.056
2020 Aug 10 GMRT Band 4 120.0 750 0.545 ± 0.063 0.021
2020 Jun 29 GMRT Band 5 105.0 1260 0.378 ± 0.041 0.014

2 2022 Jan 18 GMRT Band 3 107.0 340 0.927 ± 0.140 0.048
2022 Jan 14 GMRT Band 4 130.0 750 0.550 ± 0.062 0.023
2022 Jan 12 GMRT Band 5 104.5 1260 0.394 ± 0.050 0.027

2022 Jul 2 VLA Band S 16.8 2999 0.159 ± 0.022 0.015
2022 Jul 2 VLA Band C 16.8 5999 0.090 ± 0.013 0.009
2022 Jul 2 VLA Band X 16.8 9999 0.041 ± 0.008 0.006

3 2024 Jun 30 GMRT Band 4 64.5 650 0.569 ± 0.094 0.025
2024 Jun 28 GMRT Band 5 52.0 1260 0.380 ± 0.049 0.02

Note. Errors in flux densities are derived by adding a 10% systematic uncertainty with background rms in quadrature.

Figure 2. Flux density images of the source with overplotted contours for the VLA observations conducted in 2022 at frequencies of 2999 MHz (left panel), 5999
MHz (middle panel), and 9999 MHz (right panel). The contour levels scale as (image rms noise) × [−3, 3, 7, 13, 15]. The solid ellipse at the bottom of every image
plane represents the beam shape. The approximate beam sizes obtained for Band-S, Band-C, and Band-X images are 1.1 × 0. 4, 0.51 × 0.3, and 0.33 × 0.23
respectively. Respective flux density values for the source SDSS J1539+3954 are mentioned within the image planes along with the corresponding frequency band
and observation date.
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spectral indices α = −0.58 ± 0.11, α = −0.65 ± 0.15, and
α = −0.61 ± 0.3 in the frequency range 300 MHz–1.26 GHz.
On the other hand, the flux densities in the VLA frequency
range of 3–10 GHz exhibit an even steeper spectral index of
α = −1.09 ± 0.16. Thus, the spectral index changes and gets
steeper for frequencies above 3 GHz, suggesting the aging of
synchrotron-emitting particles. The left panel of Figure 3
shows the flux densities for all the frequencies obtained from
both GMRT and VLA and the respective power-law fits.

To characterize the timescales for energy loss for an
optically thin synchrotron radiation-emitting plasma (F. Pane-
ssa et al. 2022a) and the change in spectral index over the full
range of frequencies, we use a broken power law and a curved
power law of the forms

F A
, for

, for
2

break

break

break
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( )
( ) ( )=

<

>
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F A 3log ( )( )= +

where αlow and αhigh represent the spectral index for
frequencies lower and higher than the spectral break
frequency, νbreak, and β represents the change in the spectral
index (α) over the full frequency range. To obtain better
constraints on the spectral break frequency, we subdivide the
VLA observation bands—S, C, and X—into narrower
subbands such that the resulting subband images achieve a
signal-to-noise ratio of �5. Accordingly, the S band (total
bandwidth: 2 GHz) is divided into two subbands of ∼1 GHz
each, and the C and X bands (total bandwidth: 4 GHz each)
into two subbands of 2 GHz each.

We obtain eight data points to fit the broken and curved power-
law models. However, the number of data points is still too small
to fit a five-parameter model and obtain a reliable estimate of
break frequency. Hence, to obtain the break frequency, we apply
a parametric bootstrap approach, iterating 10,000 times by
perturbing the measured subband flux densities with Gaussian
noise based on their 1σ uncertainties, and refitting the broken
power-law model to each realization. This enables us to derive
the median parameter values and their uncertainties from the
resulting distribution of best-fit solutions. The right panel of
Figure 3 presents the resulting spectral indices, αlow = −0.64 ±
0.18 and αhigh = −1.19 ± 0.32, with a spectral break at
νbreak ≈ 1660.37 MHz. The median best-fit broken power-law
model is shown as a solid blue line, with the shaded region
representing the 1σ spread from the bootstrap fit realizations. We
use the nonlinear least-squares optimization method to fit the
curved power-law model. We obtain a spectral index of
α = −0.78 ± 0.08, with a curvature parameter β = −0.31 ±
0.13, corresponding to a spectral steepening rate of 2β = −0.62
per decade around 1 GHz. This further translates to a steepening
rate of approximately 0.87β = −0.27 per GHz. The dotted–
dashed best-fit line in the right panel of Figure 3 presents the best
fit obtained for the curved power-law model. The parameters
derived from both the broken and curved power-law fits are
consistent with each other within 3σ error limits, indicating a
steepening of the spectral index with increasing frequency. The
reduced χ2 values of 0.37 and 0.16 were obtained for the broken
and curved power-law fits, respectively, indicating that the curved

power law provides a better fit. We note, however, that these low
reduced χ2 values suggest overfitting, which may result from the
small number of data points and their relatively large
uncertainties.

Assuming an injection spectral index of αlow = −0.64, we
estimate the radio luminosity to be Lrad ≈ 4.01 × 1041 erg s–1

(A. G. Pacholczyk 1970). The corresponding magnetic field
strength is approximately 3.23 μG. Using this, the upper limit
on the timescale for synchrotron cooling is estimated to be
∼0.56 Myr (J. J. Condon & S. M. Ransom 2016), potentially
indicating an absence of recent particle acceleration or
renewed radio emission in the source.

Furthermore, Figure 4 shows the light curves of the source
at X-ray, optical, and radio wavelengths. The top panel shows
the archival X-ray observations from Q. Ni et al. (2022). The
soft-band X-ray flux exhibited a significant brightening in the
2019 observation as compared to its undetected state in the
2013 observation. Shortly thereafter, the source dimmed again,
returning to its X-ray-weak undetected state. The ZTF g-band
light curve (middle panel) also shows a similar trend, with an
initial brightening followed by a subsequent dimming around
the same time. However, it should be noted that the ZTF
magnitudes show a maximum variability of only about
∼0.3 ± 0.03 mag over the full period of ZTF observation for
the source, a level of variability that is typical among quasars.
Hence, the changes in optical magnitude do not show
remarkable variability in their continuum emission (see
Figure 4). The third panel of Figure 4 shows the 1.4 and
3 GHz radio flux densities at various epochs, including
measurements from archival surveys, VLA-FIRST, and
VLASS, as well as targeted observations using GMRT and
VLA. The VLA-FIRST data (indicated with a brown square
data point) obtained in the year 1994 show no detection of the
source. The upper limit on the VLA-FIRST flux density is
estimated using a 3σ threshold on the rms background noise of
the VLA-FIRST image. All the targeted observations con-
ducted after 2020, using GMRT and VLA, show clear
detection of the source. However, the flux density at
1.4 GHz is 0.38 mJy, consistent with the VLA-FIRST 3σ
upper limit of 0.42 mJy. Although the 1.4 GHz measurements
from VLA-FIRST and GMRT are consistent, we cannot rule
out variability since the VLA-FIRST value is an upper limit.
Similarly, the source is not detected in any of the VLASS
survey images due to faint radio emission from the source
remaining below the background noise level. The VLA Band-
S (3 GHz) flux density obtained in 2022 (represented by the
indigo star data point in Figure 4) is low enough to remain
consistent with the VLASS nondetection.

Finally, our spectroscopic follow-up data confirm no
changes in the source’s weak emission-line nature. Q. Ni
et al. (2022) examined optical spectra from the SDSS and the
Hobby–Eberly Telescope observations, reporting no signifi-
cant changes in emission-line strength from 2004 to 2020.
Consistent with these findings, our HCT follow-up observa-
tions in 2020 and 2021 also reveal that all emission lines
remain weak. Figure 5 (in the Appendix) presents the optical
spectra observed by the HCT, spanning the rest wavelength
range 1400–2700 Å. While the emission lines remain weak,
some continuum dimming is evident, aligning with the trends
seen in the ZTF light curves.
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4. Discussion

In this study, we primarily investigated the radio properties
of the radio-quiet weak emission-line quasar SDSS J1539
+3954, with an emphasis on exploring any potential relation-
ship between its remarkable X-ray variability and its radio
emission. Using data from both archival surveys (VLA-FIRST
and VLASS) and targeted observations (GMRT and VLA), we
measured the radio flux densities and derived the spectral
index. While no significant variability in radio flux was
identified, the targeted observations confirmed faint radio
emission consistent with earlier nondetections. In this section,
we discuss the implications of our analysis.

4.1. Correlated X-Ray and Radio Variability?

Several studies (e.g., R. Chatterjee et al. 2008, 2009, 2011;
M. E. Bell et al. 2011; S. Chen et al. 2022; F. Panessa et al.
2022b) have explored the disk–jet connection in AGNs by
examining correlations between X-ray and radio variability,
often finding the radio lagging the X-rays by weeks to years.
The variability amplitudes in both bands are frequently
comparable, suggesting a physical link between X-ray
emission and jet activity. However, exceptions exist—such
as NGC 4051 (S. Jones et al. 2016)—where strong X-ray
variability is not accompanied by corresponding radio
changes. Young radio sources with recently triggered jets
often experience rapid variations in their radio flux over a
timescale of a few years as the jets interact with the
surrounding interstellar medium (H. Falcke et al. 1996;
K. P. Mooley et al. 2016; M. Kunert-Bajraszewska et al.
2020; A. Wołowska et al. 2021). Thus, if the X-ray and radio
emission from the quasar SDSS J1539+3954 are indeed
connected, substantial radio variability would be expected on

multiyear timescales, particularly if the variability was caused
by the ejection of new material.

Prior to the first X-ray variability event in 2019, SDSS
J1539+3954 was observed at 1.4 GHz in the VLA-FIRST
survey (epoch 1994) and at 3 GHz in the VLASS survey
(epoch 2017), with no detections in either case. The multi-
epoch VLASS 3 GHz observations, spanning 2017, 2020, and
2023, likewise present a consistent picture over six years,
with no detections above the VLASS sensitivity limit
(≈120 μJy beam−1 rms per epoch, or ≈36 μJy beam−1 at
3σ). GMRT multiband observations from 2020, 2022, and
2024 show no statistically significant variability that could be
attributed to delayed variations in the radio emission. The
3 GHz flux density in 2020 can therefore be assumed to be
similar to that measured from the VLA observation in 2022
(≈159 μJy). However, the clear detections in GMRT and VLA
observations raise the possibility that the source may have
undergone radio variability relative to the VLA-FIRST epoch.

A critical window for constraining variability is the period
between 2019 and 2020, during which the source exhibits a
dramatic X-ray dimming by a factor of ∼9. Importantly, this
interval is bracketed by VLASS 3 GHz observations in 2017
(prior to the dimming), 2020 (during the decay), and 2023,
providing multiepoch radio coverage that can be used to assess
any correlated variability. If the radio and X-ray emissions are
correlated, such a change would plausibly be accompanied by
a decrease in radio flux. Even under a moderate correlation, the
radio flux during the X-ray-bright epoch in 2019 would be
expected to exceed the VLASS detection threshold. For
instance, a ninefold increase would imply a flux above
1.4 mJy—easily detectable in the 2017 VLASS epoch.
However, the source is not detected in VLASS 2017, despite
the rest-frame time difference between 2017 and 2019 epochs
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being only ∼234 days (∼7.7 months). Even for a smaller
variability amplitude, such as a factor of 2.5, the expected
2017 flux (∼398 μJy) remains above the VLASS detection
threshold. The absence of a detection in 2017 thus places
meaningful constraints on the amplitude of radio variability
during the X-ray-bright phase.

We note one caveat: that the 2017 VLASS epoch precedes
the observed peak X-ray brightness in 2019 by only
∼7.7 months in the rest frame. However, high-amplitude radio
variability over such short timescales is not commonly
observed in AGNs, particularly at GHz frequencies. Addition-
ally, the ZTF optical light curve remains stable between 2017
and 2019, with no evidence of significant optical variability
that might indicate major changes in accretion or jet activity
during that time. These observations argue against any

significant rise and fall in radio emission that would correlate
with the 2019 X-ray flare, and support our conclusion that no
correlated radio variability is observed over the relevant
epochs.

Another important consideration is the large spatial scales
probed by low-frequency radio observations, particularly in
the GMRT bands. At these frequencies, the synthesized beam
encompasses both compact nuclear regions and any extended
diffuse structures within the host galaxy or its surroundings.
When such diffuse emission spans the entire region sampled
by the beam, it can dominate the integrated flux, potentially
obscuring variability originating from the compact core. This
blending effect makes it inherently difficult to isolate and
detect changes in the nuclear component, especially when its
contribution to the total flux is relatively small. However, even
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allowing for contamination from diffuse emission, a ninefold
increase in the compact component in 2017—relative to its
value measured in 2020—should have produced a significant
and measurable enhancement in the total integrated flux. The
absence of such a signature in the 2017 VLASS data argues
strongly against a substantial radio response correlated with
the X-ray flare.

Overall, we conclude that the radio emission from SDSS
J1539+3954 remains relatively stable over timescales of
several years and does not exhibit variability comparable to
that observed in X-rays during the period of strong X-ray
changes. Therefore, any direct connection between the radio
and X-ray emission in this source is not evident. However, we
cannot rule out the possibility that the source may have
exhibited small-scale radio variability over a longer timescale
of approximately 26 yr, between the VLA-FIRST epoch and
the GMRT epoch. The time difference between the rise in
X-ray flux and our latest radio observations corresponds to a
rest-frame timescale of 1.72 yr, which translates to a physical
scale difference of approximately 0.5 pc between the X-ray-
and radio-emitting regions. This distance corresponds to the
region downstream of the jet where it becomes optically thin.
It would be valuable to continue monitoring this source in the
future. Thus, an alternative, and perhaps more likely, scenario
involves the presence of separate X-ray-emitting and radio-
emitting regions at different scales within the AGN. This
would imply that the observed X-ray variability and radio
emission from the quasar are not correlated.

4.2. Similarity with Other WLQs

S. Wang et al. (2024) recently reported extreme X-ray
variability in the WLQ SDSS J152156.48+520238.4
(z ∼ 2.24) between 2006 and 2023. The quasar’s soft X-ray
(0.5–2 keV) flux varied by a factor of ≈32 within 0.97 rest-
frame years, peaking in 2023 Chandra observations. Infrared
and optical observations during this period showed only mild
variability. The source, monitored with Chandra and XMM-
Newton in 2006, 2013, 2019, and 2023, exhibited two notable
rises in X-ray flux: an initial increase through 2013, followed
by a decline in 2019, and a subsequent brightening to its
highest state in 2023 (see Figure 3 and Table 2 of S. Wang
et al. 2024). Furthermore, G. Miniutti et al. (2012) and H. Liu
et al. (2022) have also reported similar dramatic X-ray
variability observed in WLQs PHL 1092 (z ∼ 0.4) and SDSS
J1350+2618 (z ∼ 2.6), respectively. The quasar PHL 1092, in
its XMM-Newton observations from the year 2000 to 2010,
exhibited a dramatic drop in its 2 keV X-ray flux by a factor of
∼260 from 2003 to 2008 followed by a rise in its flux by a
factor of ∼26 in 2010 (see Table 1 and Figure 1 of G. Miniutti
et al. 2012). The WLQ SDSS J1350+2618 displayed a rise in
its soft X-ray flux (0.5–2 keV) by a factor of approximately 6,
followed by a dimming by a factor of about 7.6, as observed in
its Chandra observations from 2015 to 2016 (see Table 1 and
Figure 1 of H. Liu et al. 2022).

To investigate the radio-emission properties of the WLQs,
as mentioned earlier, we examined available radio data from
various radio surveys, as well as archival targeted radio
observations of the sources. For the quasar SDSS J152156.48
+520238.4, we analyzed data from the VLA-FIRST and
VLASS surveys, as well as archival targeted VLA observa-
tions. The VLA-FIRST (at 1.4 GHz, 1993 to 2011) and
VLASS (at 3 GHz, 2017–2023) surveys provide quick-look

flux density images, while the VLA archival data include
observations at 6 GHz (C band) in 2022 and 10 GHz (X band)
in 2023. As with SDSS J1539+3954, the source is undetected
in both the VLA-FIRST and VLASS survey images. Likewise,
the targeted VLA observations at frequencies of 6 and 10 GHz
also show no detection of the source. Together with the
findings for SDSS J1539+3954, these results suggest no clear
connection between extreme X-ray variability and radio
emission in WLQs.

Conversely, the other two WLQ sources that exhibited
X-ray variability—namely, PHL 1092 and SDSS J1350+2618
—do not have any available radio data from targeted
observations following the X-ray variations. However, we
note that both sources are classified as radio-quiet, with only
PHL 1092 detected in the FIRST survey at 1.4 GHz. Thus, it is
difficult to examine their radio properties in the context of the
X-ray variability events.

4.3. X-Ray Variability and Thick-disk plus Outflow Model

Q. Ni et al. (2018) proposed a thick-disk plus outflow
(TDO) model to explain the observed X-ray variability in
WLQs like SDSS J1539+3954. This model suggests that
systems with super-Eddington accretion may develop a
geometrically thick inner accretion disk, resulting in high
column densities and disk outflows that obscure high-energy
ionizing photons (X-ray/EUV) from reaching the high-
ionization BLR of the AGN; see Figure 1 of Q. Ni et al.
(2018). According to the TDO model, the inner accretion
disk’s thickness varies azimuthally, creating geometric asym-
metry. When the observer’s line of sight passes through the
thicker regions of the disk, the quasar appears X-ray-weak,
while it appears X-ray-normal otherwise. Consequently, the
extreme X-ray variability observed in SDSS J1539+3954 can
be attributed to structural changes in the accretion disk. Our
finding of no correlation between X-ray and radio variability
aligns with the TDO model’s explanation, as the model
attributes X-ray variability primarily to geometric and
structural factors within the accretion disk rather than to an
intrinsic change in luminosity or to a direct coupling with radio
emission.

4.4. Origin of Radio Emission in WLQ SDSS J1539+3954

As discussed by F. Panessa et al. (2019 and references
therein), the nonthermal radio emission from RQ-AGNs can
arise from various mechanisms, including (1) high star
formation rates; (2) particle acceleration in the AGN corona;
(3) AGN outflows/winds interacting with the surrounding
medium; and (4) small-scale jets. The optically thick radio
emission from the core of the AGN or AGN corona exhibits a
flat radio spectrum (α � −0.5) and follows the observed
correlations between GHz radio emission and X-ray emission
in the 0.2–20 keV range (W. Brinkmann et al. 2000; A. Laor &
E. Behar 2008; F. Panessa et al. 2014). Conversely, the radio
emission resulting from synchrotron radiation in extended
outflows or jets displays a steep spectrum (α � −0.5), with a
spectral break indicating the aging of the accelerated charged
particles (B. M. Peterson 1997; H. Netzer 2013).

In cases where radio emission is dominated by starburst
activity, one observes low-frequency (ν < 30 GHz) synchro-
tron emission with steep GHz spectra (e.g., α ≈ −0.7) that
transition to flatter spectra (α ≈ −0.1) at higher frequencies

9

The Astrophysical Journal, 996:23 (12pp), 2026 January 1 Chhipa et al.



(ν > 30 GHz), producing diffuse, unresolved emission on
galactic scales (J. J. Condon 1992; F. Panessa et al. 2019).
Nevertheless, the brightness temperature (TB) of the total radio
emission in unresolved/compact radio sources can be used to
differentiate between radio emission originating from star
formation and that from AGN activity. For star formation, TB

is typically limited to ∼105 K (J. J. Condon 1992; M. E. Jarvis
et al. 2021; L. K. Morabito et al. 2022; A. Njeri et al. 2025).
Similarly, outflowing AGN winds interacting with the
interstellar medium also exhibit diffuse radio emission with
a low brightness temperature (J. F. Gallimore et al. 2006;
F. Panessa et al. 2019).

We computed the brightness temperature using the method
outlined by J. S. Ulvestad et al. (2005):
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Since the source remains unresolved in all the frequency
bands, we have used the obtained clean beam sizes as the
upper limits on θ1 and θ2 (see Sections 2.2.2 and 2.2.3). Thus,
for the source parameters, z ≃ 1.935, and the flux densities
obtained at several frequencies (see Table 1), the lower limit
on estimated TB ranges from ∼1230 to 28 K across the entire
frequency range (340 MHz–10 GHz). Notably, the source is
not resolved in any radio observation, with the maximum
resolution obtained from the radio observations being ∼0.33.
Thus, we have obtained lower limits on the estimates of
brightness temperature in all the radio-frequency bands.

Our radio follow-up observations of WLQ SDSS J1539
+3954 reveal an unresolved source with a steep spectrum and
no detectable short-term radio variability. Below, we discuss
the possible mechanisms driving its radio emission based on
these observed characteristics.

A small-scale jet. The radio spectral index of the quasar
shifts from approximately α ∼ −0.65 at lower frequencies to
α ∼ −1.09 above 3 GHz, corresponding to an approximate
steepening rate of 0.87β = −0.27 per GHz near 1 GHz (see
Figure 3 and Section 3 for details). This spectral steepening
indicates optically thin synchrotron emission from aging
electrons, consistent with small-scale jetted radio emission.
However, at a resolution of 0.23 and z ∼ 1.935, the projected
scale of the radio emission is ≲2 kpc,11 placing an upper limit
on the size of the extended region. While the current resolution
does not allow a definitive conclusion regarding the jet’s
presence, the observed low brightness temperatures rule out
the young jet scenario. Radio emission from jets or outflowing
blobs typically exhibits a brightness temperature greater than
108 K at GHz frequencies (M. Giroletti & F. Panessa 2009;
A. Doi et al. 2013; F. Panessa & M. Giroletti 2013; A. Wang
et al. 2021; S. Yao et al. 2021). Nevertheless, observations of
the source with the Very Long Baseline Array (VLBA) (which
we expect to acquire in the coming months) with a higher
milliarcsecond resolution in GHz bands can uncover the nature
and extent of its radio emission. The long-baseline VLBA
observations at 1.4 and 6 GHz provide high angular resolutions
of approximately 5 mas and 1.6 mas, respectively, for the
quasar SDSS J1539+3954. At these resolutions, we can probe
source rest-frame spatial scales of up to ∼40 pc and ∼20 pc in
the respective bands, allowing us to distinguish between radio

emission originating from an AGN-core–jet structure and radio
emission driven by star formation/AGN outflows.

Star formation/outflowing AGN wind. The source SDSS
J1539+3954 remains unresolved in both VLA and GMRT
observations, meaning the measured radio flux densities may
include contributions from the AGN core as well as extended
structures in the host galaxy, such as AGN winds or star-
forming regions. The quasar exhibits a steep power-law
spectral index (∼−0.65 before the spectral break and
∼−1.09 after it) and low limits on brightness temperature,
both consistent with radio emission arising from either star
formation or AGN winds, specifically at GHz radio frequen-
cies. Our observations cannot rule out either possibility, while
the higher-resolution VLBA observations can reveal the true
nature of the radio emission.

However, considering that WLQ SDSS J1539+3954 is a
high-accretion source and our radio observations support the
TDO model, the AGN wind is likely the dominant mechanism
driving the radio emission in the quasar.

AGN-core/coronal radio emission. As mentioned previously,
radio emission from the AGN core or corona typically produces
a flat spectrum, whereas the quasar exhibits a steep spectral
index, ruling out core or coronal emission as the primary
mechanism. Additionally, if the radio emission were coronal in
origin, we would expect a significant correlation between radio
and X-ray fluxes since both are produced in the same region;
however, no such correlation is observed. The steep spectrum,
lack of radio variability, and absence of a radio–X-ray
correlation lead us to rule out coronal radio emission as the
primary source. However, it is interesting to note that the source
satisfies the condition LR/LX ≈ 10−5 (A. Laor & E. Behar 2008)
for coronal radio emission in RQ-quasars. The 0.2–20 keV
X-ray luminosity (LX = 4.09 × 1045 erg s−1) and 5 GHz radio
luminosity (LR = 1.67 × 1041 erg s−1) are obtained from the
Chandra observations (X-ray-normal epoch) and the VLA
observations, respectively. Furthermore, considering the light-
travel timescales and the absence of variability in our three
GMRT observations, spanning a period of 4 yr, constrains the
emitting region to scales of at least 0.42 pc—significantly larger
than the expected size of a corona for a 108 M⊙ black hole (even
if the size of the corona is assumed to be extended to 100rg,
where rg is the gravitational radius). Thus, the radio-emitting
region extends to larger scales than the corona. Hence, the
X-rays and the dominant mechanism driving radio emission
from the quasar are not coupled.

5. Conclusions

In this study, we carried out follow-up radio observations of
SDSS J1539+3954, a radio-quiet weak-line quasar known for
its extreme X-ray variability from 2013 to 2020. While the
source was undetected in the VLA-FIRST survey, targeted
observations with the GMRT (2020, 2022, and 2024) and VLA
(2022) telescopes revealed a pointlike radio source. No
significant variability is observed across multiple GMRT
epochs, and the source remains undetected in all three VLASS
(2017, 2020, and 2023) epochs. The overall radio dataset,
characterized by nondetections in all VLASS epochs and
consistent flux densities from GMRT and VLA observations,
all within the 3σ sensitivity limits of FIRST and VLASS,
supports the interpretation that the radio emission has
remained largely stable over time. However, a radio variability
over a scale of ∼26 yr between VLA-FIRST and GMRT11 https://www.astro.ucla.edu/~wright/CosmoCalc.html
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observations cannot be ruled out. This suggests that the X-ray
and radio emissions are driven by separate processes,
consistent with the model of a thick disk plus outflow
proposed for weak-line quasars. The steep spectral index
excludes dominant radio emission from the corona. The
observations are consistent with the radio emission originating
from either an outflowing AGN wind or the star formation
phase of the host. Higher-resolution observations, such as
those achievable with the VLBA, would help further clarify
the nature of the quasar’s radio emission.
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Appendix
Optical Spectra

Figure 5 presents the rest-frame optical spectra of the
source, obtained from SDSS and HCT, over the wavelength
range 1400–2700 Å. The SDSS spectra correspond to
observations carried out in 2004, 2012, and 2017, while the
HCT follow-up spectra were obtained in 2020 and 2021.
Across all epochs, the spectral shape remains broadly
consistent, with no noticeable changes in the emission-line
features and no significant variability detected in the optical
continuum.
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Figure 5. SDSS and HCT spectra of the WLQ SDSS J1539+3954 in the rest wavelength range 1400–2700 Å. Spectra obtained from the SDSS DR16 catalog include
observations of the source in the years 2004 (blue), 2012 (red), and 2017 (green). The spectra obtained in follow-up observations in 2020 and 2021 using HCT–
HFOSC are shown in magenta and cyan colors, respectively. No change can be observed in the spectrum and the emission-line signatures of the source.
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