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Abstract

We report on the observations of the quasar NRAO 530 with the Event Horizon Telescope (EHT) on 2017 April 5�7,
when NRAO 530 was used as a calibrator for the EHT observations of Sagittarius A*. At z = 0.902, this is the most
distant object imaged by the EHT so far. We reconstruct the �rst images of the source at 230 GHz, at an unprecedented
angular resolution of �20 �as, both in total intensity and in linear polarization (LP). We do not detect source variability,
allowing us to represent the whole data set with static images. The images reveal a bright feature located on the southern
end of the jet, which we associate with the core. The feature is linearly polarized, with a fractional polarization of �5%–
8%, and it has a substructure consisting of two components. Their observed brightness temperature suggests that the
energy density of the jet is dominated by the magnetic �eld. The jet extends over 60 �as along a position angle � �28°.
It includes two features with orthogonal directions of polarization (electric vector position angle), parallel and
perpendicular to the jet axis, consistent with a helical structure of the magnetic �eld in the jet. The outermost feature has
a particularly high degree of LP, suggestive of a nearly uniform magnetic �eld. Future EHT observations will probe the
variability of the jet structure on microarcsecond scales, while simultaneous multiwavelength monitoring will provide
insight into the high-energy emission origin.

Uni�ed Astronomy Thesaurus concepts: Extragalactic astronomy (506)

1. Introduction

NRAO 530 (1730�130, J1733�1304) is a �at-spectrum
radio quasar (FSRQ) that belongs to the class of bright �-ray
blazars and shows signi�cant variability across the entire
electromagnetic spectrum. The source was monitored by the
University of Michigan Radio Observatory at 4.8, 8.4, and
14.5 GHz for several decades151 until 2012. The quasar
underwent a dramatic radio outburst in 1997 (Aller et al.
2009), during which its �ux density at 14.5 GHz exceeded
10 Jy, while the average value is �2 Jy. Since 2002,
NRAO 530 has been monitored by the Submillimeter Array
(SMA; Maunakea, Hawaii) at 1.3 mm and 870 �m.152 The data
show high amplitude variability at 1.3 mm from 1–4 Jy, with
the brightest outburst in the end of 2010 contemporaneous
with prominent �-ray activity (Williamson et al. 2014).
Ramakrishnan et al. (2015) found a statistically signi�cant
correlation between the radio and �-ray light curves of
NRAO 530, based on measurements at 37 GHz by the
Metsähovi Radio Observatory (Aalto University, Finland) and
�-ray �uxes measured with the Large Area Telescope (LAT) on
board the Fermi Space Gamma-Ray Telescope. The blazar is
included in a sample of active galactic nuclei (AGNs) observed
with the POLAMI program (Agudo et al. 2014), which
provides both the �ux density and polarization measurements
at 3 mm and 1.3 mm started in 2009. According to the data
during the perion 2007–2021, the degree of linear polarization
(LP) at 1.3 mm changes from 1% to 15%, with circular
polarization detections at a level of 1%–2% (private
communication).

The quasar is known as a violently variable object at optical
wavelengths. According to the SMARTS optical/IR monitoring
program of blazars (Bonning et al. 2012), NRAO 530 has a
fractional variability amplitude of �68% and �35% at optical and

IR wavelengths, respectively, with an average magnitude of �14
at the K band (�eff � 2.2 �m) and �17.5 in the R
band (�eff � 658 nm). Foschini et al. (2006) reported a
short hard X-ray �are detected serendipitously by the IBIS/
ISGRI detector on board INTEGRAL on 2004 February 17,
although the timescale of the �are, <1 hr, questions the
association with the FSRQ. However, a moderate increase of
the LP at 2 cm contemporaneous with the �are was observed as
well. The recent 10 yr Fermi LAT catalog, 4FGL (Abdollahi et al.
2020), lists the average �-ray �ux of the source at 0.1–300 GeV as
(1.8 ± 1.2) × 10�7 phot cm�2 s�1. During this period NRAO 530
underwent the highest amplitude �-ray outburst in 2010 October–
November, when the �-ray �ux rose to 10�6 phot cm�2 s�1

(Williamson et al. 2014). This �-ray activity coincided with a
signi�cant brightening at optical wavelengths and an increase of
the optical linear degree of polarization up to 15%.153

NRAO 530 possesses a highly relativistic jet. The source is
intensively monitored with the Very Long Baseline Array
(VLBA) at 15 GHz within the MOJAVE program (e.g., Lister
et al. 2016) and at 43 GHz within the VLBA-BU-BLAZAR
program (Jorstad et al. 2017; Weaver et al. 2022). VLBA
images show a radio jet dominated by the core located at the
southern end of the jet. At 15 GHz, the jet extends up to 10 mas
to the north, with a weak feature observed �25 mas from the
core. Based on 11 moving features, Lister et al. (2019) reported
a median apparent speed of 12.3 ± 0.6 c, with a maximum
apparent speed of 27.3 ± 1.0 c. At 43 GHz, the jet contains a
stationary feature located �0.3 mas from the core and curves to
the northwest �0.8 mas from the core. Eight moving knots
detected at 43 GHz over 2007–2018 exhibit a wide range of
apparent speeds, from 2.6 ± 0.5 c to 37.2 ± 0.2 c (Weaver et al.
2022), with three knots revealing a strong acceleration after
passing the stationary feature, while knot B3 ejected in the
beginning of 2010 demonstrates both accelerations from 4.1 c
to 7.7 c and to 33.7 c and then a deceleration to 8.5 c. Using
properties of the light curves of moving knots and their
apparent speeds, Jorstad et al. (2017) estimated the average
Lorentz and Doppler factors of the jet to be � � 8 and � � 9,
respectively, with a jet viewing angle of �3°. These values of

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

151 https://dept.astro.lsaumich.edu/data sets/umrao.php
152 http://sma1.sma.hawaii.edu/callist/callist.html?plot=1733-130

153 http://www.bu.edu/blazars/VLBA_GLAST/1730.html
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ALMA, and is about an order of magnitude lower on remaining
baselines; see the top panel of Figure 2. We estimated an
additional 2% of complex visibility uncertainties due to variety
of nonclosing effects (e.g., residual polarimetric leakage,
frequency, and time smearing); see EHTC et al. (2019c,
2022b). Inspecting the calibrated visibility amplitudes in the
middle panel of Figure 2, we notice that the shortest inter-site
baseline (LMT-SMT) provides a lower limit on the compact
emission �ux density corresponding to about 0.6 Jy, which
implies the presence of up to 1 Jy of milliarcsecond-scale �ux
that is resolved out by the EHT but measured on the intra-site
VLBI baselines and by the ALMA-only observations. Addi-
tionally, in the bottom panel of Figure 2 we present the
measured visibility amplitudes as a function of the baseline
length, projected at the jet PA (see Section 3). We notice that
the amplitudes on baselines shorter than about 2.5 G� can be
approximated by a Gaussian of FWHM 55 �as and 0.6 Jy
amplitude, roughly informing us about the size and the total
�ux density of the observed compact feature. Measurements on
baselines longer than 2.5 G� indicate a deviation from the
Gaussian model, in agreement with the resolved source
consisting of more than one component. Both EHT
Sgr A* calibrators, NRAO 530 and J1924-2914 (Issaoun et al.
2022) are fairly compact and bright sources at 230 GHz.
During the week-long EHT observing run, their source
structure and �ux density did not show signi�cant variations
(see Figure 3). These properties allowed us to use both sources
for quantifying the effects of the residual errors in the
characterization of the antenna gains. Mitigating such effects
was crucial for discerning between the rapid intrinsic variability
of Sgr A* and the apparent �ux density variations produced by
imperfect calibration (EHTC et al. 2022c, 2022d; Wielgus et al.
2022). Details about the procedures and methods used to obtain
the antenna gains from the two calibrators and the subsequent
transfer to the Sgr A* data sets are reported in Section 3.2 in
EHTC et al. (2022b).

3. Total Intensity Imaging

For the imaging of NRAO 530, we have utilized data
calibrated by the EHT-HOPS pipeline (Blackburn et al. 2019),
combined over all days (2017 April 5–7) and both frequency

bands (227.1 and 229.1 GHz). Nonzero closure phases shown
in Figure 3 reveal resolved and nontrivial structure of the
source. We used three analysis methods across �ve different
implementations. These are: imaging via inverse modeling (the
traditional CLEAN method), forward regularized maximum
likelihood (RML) modeling (eht-imaging and SMILI
algorithms), which are described in detail in EHTC et al.
(2019d), as well as two posterior exploration methods based on
a Markov Chain Monte Carlo (MCMC) scheme—a D-term
Modeling Code (DMC; Pesce 2021) and a dedicated Bayesian
image reconstruction framework Themis (Broderick et al.
2020a). For each of the methods, the freedom to decide
resolution, �eld of view, or amount of data coherent averaging
was left to the expert imaging subteams, who made such
decisions based on the speci�c properties of each algorithm. As
an example, MCMC methods tend to average data more to
reduce the computational complexity of the likelihood evalua-
tion. Below we give a short description of each method, with
some details on the particular application to the NRAO 530
imaging.

3.1. DIFMAP

For CLEAN imaging, we have used the DIFMAP software
package (Shepherd 1997). We have constructed multiple
manual images prior to the �nal process to obtain a set of
CLEAN windows corresponding to the source structure and
agreeing best with the data. This window set includes a large
circular Gaussian with a radius of 1 mas, located in the center
of the map, which models the large-scale extended emission
present in the source. The standard process of multiple
consecutive CLEAN iterations, along with self-calibration
procedures, was employed to achieve the best normalized �2

values between the data and the model for the closure phases,
closure amplitudes, and visibilities. We have used data
averaged in 10 s segments, a �eld of view of 1024 × 1024
pixels with a pixel size of 2 �as, and uniform weighting to
optimize the image resolution.

3.2. eht-imaging

The eht-imaging code (Chael et al. 2016, 2018)
implements the RML-based approach to imaging. In this

Figure 1. EHT (u, v)-coverage of the NRAO 530 observations on 2017 April 5, 6, and 7, and all days aggregated. Each colored point corresponds to a single VLBI
scan of 3–4 minutes. ALMA participated in the observations on 2017 April 6 and 7. Dashed circles indicate the fringe spacing of 50 and 25 �as. “Chile” represents the
stations ALMA and APEX. “Hawaii” represents the stations SMA and JCMT.
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