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ABSTRACT

The close-in regions of bright quasars’ host galaxies have been difficult to image due to the overwhelming light coming from quasars.
With coronagraphic observations in visible light using the Space Telescope Imaging Spectrograph (STIS) on the Hubble Space Tele-
scope, we removed 3C 273 quasar light using color-matching reference stars. The observations revealed the host galaxy from 60" to
0”2 with nearly full angular coverage. Isophote modeling has revealed a new core jet, a core blob, and multiple smaller-scale blobs
within 275. The blobs could potentially be satellite galaxies or infalling materials towards the central quasar. Using archival STIS data,
we constrained the apparent motion of its large scale jets over a 22 yr timeline. By resolving the 3C 273 host galaxy with STIS, our
study validates the use of coronagraphs on extragalactic sources for obtaining new insights into the central (at ~kpc scales) regions of

quasar hosts.

Key words. quasars: individual: 3C 273 — methods: observational — Instrumentation: high angular resolution

1. Introduction

Quasars are unique laboratories for the extreme physics gov-
erning active galactic nucleus (AGN) accretion and feedback
and they are important drivers for galaxy evolution and enrich-
ment (e.g., Sijackietal. 2007; McNamara & Nulsen 2012;
Moustakas et al. 2019). However, since the central source in
a quasar can exhibit a visual luminosity comparable to the
entire host galaxy that it resides within, the point spread func-
tion (PSF) of a quasar’s central source (when seen with a
telescope with finite mirror size) often dominates the light at
inner approximate kiloparsec (~kpc) scales. Many features of
quasars’ circumnuclear regions (e.g., Ramos Almeida & Ricci
2017), such as inflows, dusty tori, winds, and jets, have visual
and infrared (IR) components that appear overwhelmed as a

* FITS images for Figs. 1 and 2 are available at the CDS via
anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https:
//cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/683/L5
** Marie Sktodowska-Curie Fellow.

*** Now at Google.

result (e.g., Ford et al. 1994, 2014). Moreover, the dynamics
and morphology of the host galaxy close-in to the nuclear
region are likewise “swamped out” in visible and near-infrared
(NIR) observations. While advances in radio interferometry have
allowed us to glimpse the event horizons of two supermassive
black holes at a ~0.1 mas scale and their surrounding environ-
ments (i.e., M87: Event Horizon Telescope Collaboration 2019,
Sagittarius A*: Event Horizon Telescope Collaboration 2022;
Lu et al. 2023), many processes critical to feeding and feedback
in extremely luminous quasars will only be understood once we
obtain high-contrast, high-resolution imaging in the visible and
NIR (e.g., Martel et al. 2003; Gratadour et al. 2015; Brandl et al.
2008; Moustakas et al. 2019; Rouan et al. 2019; Grosset et al.
2021; Ding et al. 2023).

In studies of quasar hosts, IR and radio interferometry
are capable instruments used to image the inner few par-
secs of the circumnuclear region. This allows us to take look
at the broadline region, inner radius of the torus, and jets
on this scale (e.g., Kishimoto etal. 2011; Lister et al. 2013;
GRAVITY Collaboration et al. 2018). However, the circumnu-
clear disk, infalling material, and jet activity in the narrowline
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region are best observed at an intermediate scale in the regions
further out. To study these regions, observations of natu-
rally dust-obscured quasars (i.e., “natural coronagraphs,” e.g.,
Jaffe et al. 1993; van der Marel & van den Bosch 1998) only
preferentially sample these structures in disk-like hosts or dur-
ing epochs of peak dust production early on in mergers, giv-
ing an incomplete picture of quasar evolution (Urrutia et al.
2008; Schawinski et al. 2012; Del Moro et al. 2017). However,
the Space Telescope Imaging Spectrograph (STIS) coronagraph
on board the Hubble Space Telescope (HST) can fill the gap at
>0.5 kpc to ~kpc scales and larger to study the morphology of
host galaxies. The visual imaging of the sub-kpc structures of
the dust, jet, and host galaxies of quasars with the STIS corona-
graph provides a unique opportunity to complement ground- and
space-based IR high-contrast imaging with Keck and JWST.

The prototypical quasar 3C 273 was first identified based
on its redshift of 0.158 by Schmidt (1963). With the central
quasar dominating the signals across visible to radio wave-
lengths, thus overwhelming the host galaxy, the study of the
latter makes it necessary to first properly remove the quasar
light. In visible wavelengths, Martel et al. (2003) placed the
3C 273 behind a coronagraph using HST/ACS, removed the
quasar light using reference star images, and revealed the host
galaxy in visible light exterior to an angular radius of ~1’5.
With non-coronagraphic imaging after empirical PSF removal,
these non-asymmetric signals persist after host galaxy model-
ing (Zhang et al. 2019, Fig. 10 therein). Using (sub)-millimeter
observations, Komugi et al. (2022) subtracted point source mod-
els using ALMA to reveal the surroundings where the millimeter
continuum emission is colocated with the extended emission line
region in [O 1] observed with VLT/MUSE in Husemann et al.
(2019). These efforts have unveiled complex structure for the
3C 273 host from multiple aspects, calling for dedicated imag-
ing that would better reveal and characterize the 3C 273 host
with available state-of-the-art instruments. In this work, we
report our coronagraphic high-contrast imaging observations
using HST/STIS, which reached an inner working angle (IWA)
of ~0”/2 in visible light to reveal the 3C 273 host galaxy.

2. Observations and data reduction

The HST/STIS coronagraph offers broadband imaging in visible
through NIR light (0.2 um—1.15 um; Medallon & Welty 2023).
Its narrowest occulter, BARS, can image the surroundings of
bright sources exterior to ~0”/2 from the center (Schneider et al.
2017; Debes et al. 2019). To reveal the surroundings of bright
central sources using STIS, a careful selection of reference stars
is needed to avoid color mismatch given it is in the broadband
(Debes et al. 2019); otherwise, a non-matching PSF can induce
spurious signals (Ren et al. 2017, Fig. 8 therein). A reference star
should be of similar color, magnitude and in close proximity to a
science target to maximize the success in coronagraphic imaging
(Debes et al. 2019). To explore the inner regions of the 3C 273
host galaxy down to ~0”/2, or ~0.5 kpc!, we observed it with two
reference stars using HST/STIS in HST GO-16715 (PI: B. Ren).
The two reference stars serve as the empirical PSF templates to
remove the 3C 273 quasar light.

2.1. PSF reference star selection

On the lower Earth orbit, HST is affected by instrumental effects
such as breathing caused by changes in the Solar angle, radi-

' 0”1 = 0.27 kpc for 3C 273 in ACDM cosmology with Q,, = 0.27,
Q) =0.73,and Hy = 71 km s~ Mpc™".
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ation, and Earth’s shadow. These effects on STIS observations
could be empirically captured and removed when well-chosen
PSF stars are close in angle to the science target. To effectively
remove the PSF from the central source, Debes et al. (2019) rec-
ommended close match in magnitude and color in the B and
V band. With the high-sensitivity space-based measurements in
visible light from the Gaia mission (DR3: Gaia Collaboration
2023), Walker et al. (2021) showed that magnitude and color
match in Gaia filters may also provide reasonably good PSFs
for STIS observations.

Using Gaia DR3, we selected two reference stars, TYC 287-
284-1 (hereafter “PSF1”) and TYC 292-743-1 (hereafter
“PSF2”), to serve as the PSF templates for 3C 273 (hereafter
“science target”). More details are given in Appendix A. For
3C 273, its Gaia DR3 magnitude G = 12.84, color Bp — Rp =
0.494, and G — Rp = 0.348. Within 4°7 from 3C 273, the chosen
PSF1 has Gaia DR3 magnitude G = 12.77, color Bp — Rp =
0.515, and G — Rp = 0.327. Within 2°7 from 3C 273, the cho-
sen PSF2 has magnitude G = 11.488, color Bp — Rp = 0.536
and G — Rp = 0.340. By choosing two PSF reference stars
with such faintness that do not have existing IR excess mea-
surements, with IR excess being indicative of circumstellar disks
(e.g., Cotten & Song 2016), we can reduce the probability that
a reference star might host a circumstellar disk that negatively
impacts the PSF removal for 3C 273. In addition, this strat-
egy reduces the possibility of a negative impact of background
objects, which are beyond the detection limits of exiting instru-
ments, on the PSF removal of 3C 273.

2.2. Observations

Coronagraphic imaging with HST/STIS relies on the block-
age of light in central regions using its physical occulters.
In STIS, two nearly perpendicular occulting locations, BARS
and WedgeAO0.6, offer IWAs of ~072 and ~0"3, respectively
(Medallon & Welty 2023). To enable a full angular coverage of
extended structures, however, the two locations are near to the
edges of the field of view of STIS, making it unrealistic to roll
the telescope ~90° to achieve a nearly 360° coverage given the
scheduling limits of HST using four consecutive orbits (e.g.,
Fig. 3 of Debes et al. 2019)?, see Appendix A. Therefore, we
scheduled two sets of observations in GO-16715, with each set
composed of four contiguous “back-to-back” HST orbits (see
Table A.1 for the observation log). By observing 3C 273 at two
different epochs spanning about two months in HST Cycle 29,
the relative roll is 84°032 between the central visits of the two
epochs to approach a full angular coverage.

In GO-16715, we observed only one object in an orbital
visit, with a sequence of “target-target-PSF-target” in a four-
orbit observation set. This ensures that the telescope thermal dis-
tribution is stabilized when a PSF star is observed. The observa-
tions were in CCD Gain = 4 mode to permit high dynamic range
imaging (e.g., Debes et al. 2019). For the three orbits on the tar-
get, we rolled the telescope by either +15° (UT 2022-01-08) or
+5° (UT 2022-03-26)° to approach a ~360° angular coverage for
it (see Fig. B.1 for the coverage map of 3C 273).

2 For observation planning, see phase 2 of the Astronomer’s Proposal
Tool (APT) for actual roll ranges for given observation times.

3 Roll angle of +5° due to updated scheduling constraints with the
HST guide star catalog then. When permitted, £22°5 rolls can maximize
angular coverage by avoiding HST diftraction spikes that are along the
(off)-diagonal directions in STIS images.
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Within one science target orbit, we observed 3C 273 using
both the BARS and the WedgeA0.6 occulting location with three
readouts each. With three readouts, each having a 315 s exposure
at an occulting location, the STIS flat-fielded files can identify
cosmic rays for random noise removal. There are a total of 36
readouts from six orbits. For the reference stars, on the one hand,
the Gaia DR3 G magnitude of PSF1 is similar as that of the sci-
ence target, with PSF1 being 0.07 mag brighter. The observation
strategy of PSF1 is identical to the target: to reach similar detec-
tor counts, each readout of PSF1 is 294 s. There are six readouts
in total for PSF1. On the other hand, the Gaia DR3 G magnitude
of PSF2 is 1.352 mag brighter than that of the science target. To
reach similar detector counts as 3C 273, each readout of PSF2 is
125 s. Given the available time in one HST orbit, the relatively
shorter readout time permit the dithering of the telescope: the on-
sky step is 0.25 STIS pixel to reduce the impact from the non-
repeatability of HST pointing on STIS results (e.g., Ren et al.
2017; Debes et al. 2019). At each occulting location, we dithered
the telescope twice with each dithering location having two 125 s
readouts, totaling six readouts per occulting location. There are
a total of 12 readouts for PSF2.

2.3. Data reduction
2.3.1. Pre-processing

In long readouts (315 s for the target), the observation data
quality with STIS may be compromised due to different noise
sources (e.g., cosmic ray, shot noise, charge transfer ineffi-
ciency: CTI). To address this in data reduction, we first used the
stis_cti package* that applies the Anderson & Bedin (2010)
correction to remove CTI effects for STIS CCD’. We then
used the data quality map in the CTI-corrected flat-fielded files
and followed Ren et al. (2017) to perform a median bad pixel
replacement for the data that have been marked as a bad pixel
(e.g., pixels with dark rate more than 5o the median dark
level, bad pixel in reference file, and pixels identified in cos-
mic ray rejection) around its 3 X 3-pixel neighbors. To correct
for the geometric distortion in 2-dimensional STIS CCD images
(Hodge et al. 1998), we then rectified the CTI-corrected images
using the x2d function from stistools®.

In STIS coronagraphic imaging, the central star is blocked by
the STIS occulters, therefore, we used the two diffraction spikes
to align the images (e.g., Schneider et al. 2014; Ren et al. 2017).
We used the “X marks the spot” method (e.g., Schneider et al.
2014): first, we fit Gaussian profiles to each column or row of
the observation to identify the peak of the diffraction spikes and
then fit the lines to obtain the intersection point as the location
of the star. In this way, we can obtain both the locations and their
associated uncertainties from the observed data.

2.3.2. Post-processing: PSF removal

For each target image, we minimized the standard deviation for
the regions containing diffraction spikes after PSF subtraction
to obtain a residual image. Specifically, we used the algorith-
mic mask from Debes et al. (2017) to identify the regions that
are blocked by the STIS occulters in the observations. At each
occulting location, we scaled the median of all the PSF read-

4 https://pythonhosted.org/stis_cti/

5 See https://github.com/spacetelescope/STIS-Notebooks
for a usage example of stis_cti under DrizzlePac.

% https://stistools.readthedocs.io/en/latest/x2d.html

outs, and subtracted it from the target readouts to inspect the
residual images. We derotated each residual map to north-up
and east-left using its corresponding ORIENTAT header and used
the element-wise median of all 36 residual maps (18 from each
occulting location) as the final image for 3C 273 host galaxy.
We multiplied the final image in units of counts s~! pixel™! by
PHOTFLAM = 4.22x 10~'%, which is the inverse sensitivity param-
eter recorded in the FITS file headers, to obtain the calibrated
final image in units of erg s™' cm™2 A~!, see Fig. 1. We also
calculated the standard deviation for the regions that do not host
signals in the final image to obtain the signal-to-noise ratio (S/N)
map (see Fig. B.3).

To inspect the PSF removal quality dependence on different
PSF references, we experimented using a single PSF star for all
the images and we did observe a decrease in the S/N after com-
bining the two PSF stars. In fact, in the observations for PSF1,
we identified at least two faint background sources within the
STIS field of view (e.g., Fig. A.2). Nevertheless, this was antici-
pated in our observation planning, and we minimized such risks
by using multiple PSF stars in Table A.1.

3. Results
3.1. 3C 273 host
3.1.1. Isophote fitting

We present in Fig. 2 the host galaxy within 5 from the quasar.
At the largest spatial scale in Fig. 1, we can confirm the exis-
tence of two components: the outer component (OC) and the
inner component (IC), as previously identified in isophotic con-
tours in Martel et al. (2003) with HST/ACS. The OC is more
extended on the north-east side than the IC in STIS wavelengths,
with both centers offset from the central quasar, as reported in
Martel et al. (2003). With STIS coronagraphy in Fig. 2, we con-
firm the existence of the El, jet component (JC), and inner jet
(1J) components identified in Martel et al. (2003).

To reveal small-scale structures, we performed isophote
modeling to enhance the visibility of structures of smaller
spatial scale. We used the isophote package from photuils
(Bradley et al. 2023), which implemented the Jedrzejewski
(1987) method to iteratively fit elliptical isophotes to the 3C 273
host image. We present the isophote model in Fig. 2b and the
model-removed residuals in Fig. 2c, where we annotated the
structures. To better reveal these structures, we reperformed
isophote fitting while excluding them to reduce the fitting bias.
The final isophote model and residuals are shown in Fig. 2.

3.1.2. New close-in host structures

We identified a core blob (CB) component at ~1” to the west of
the quasar in Fig. 2c. We also identified a core jet (CJ) com-
ponent along the direction of the large scale jet. In addition,
we detected small-scale blobs spanning from 2" to 4" from the
quasar. These blobs are marked with dotted circles in Fig. 2.
We also detected a more symmetric core component (CC) for
the host galaxy of 3C 273 within ~1” in Fig. 2a. The sur-
face brightness’ is (5 + 2) x 10720 erg s™' cm™2 A~! for CB,
(14 + 5) x 102 erg s! em™2 A~! for CC, and (3 + 2) x
1072 erg s7! em™2 A~! for CJ. In comparison, the background
is (1.3 + 1.3) x 1002 erg s~' cm™2 A~!, which is two orders of

7 The uncertainties in this Letter are 1o~ unless otherwise specified.
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Fig. 1. 3C 273 host galaxy and surroundings in visible light seen with the HST/STIS coronagraph. The surface brightness is in log scale, and the
central dark regions are not accessible due to coronagraph blockage. The data used to create this figure are available at the CDS.

magnitude fainter than these new close-in structures. We present
the measurements in Table B.1.

We marked the credible new structures in Fig. 2c. First,
the CB component is not a random or color-mismatch resid-
ual, in the sense that it does not have a radially shaped elonga-
tion that suggests a color mismatch or telescope breathing (e.g.,
Schneider et al. 2014). Second, its globular morphology does
not resemble the spurious residuals in the existing STIS data
archive for circumstellar structures in Ren et al. (2017). Third,
the CJ component is not only along the direction for the jet, but
also of elliptical shape in the isophote model in Fig. 2b. Finally,
the blobs (i.e., by, by, b3) do not arise from random noise and
they are ~40 above their surrounding host galaxy (blob sur-
face brightness: ~4 x 1072! erg s™' cm™2 A~'). They persist in
the individual reduction results from different telescope rolls in
Fig. B.4 and they are not behind the diffraction spikes regions,
where random noise may manifest positive residuals. By fitting
the surface brightness of CC with a bivariate normal distribu-
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tion while ignoring these small-scale structures, we obtained a
semi-major axis of acc = 07578 + 07005 and a semi-minor
axis of boc = 07477 + 07004, along with a position angle
of 56°2 + 1°5 for the major axis. The fitted center is located
at ARA = 07031 + 07004 and ADec = —-07024 + 07003, or
07039 + 07004 from the quasar, which is less offset from the
quasar than IC and OC (0”765-1"740; Martel et al. 2003). The
ellipticity is ncc = (acc — bec)/ace = 0.175 £ 0.010, which
is smaller than the n > 0.3 measurements in regions further
out (Martel et al. 2003, Fig. 4 therein), suggesting that the host
galaxy is more symmetric when it is closer to the quasar.

We detected evidence of extended filamentary structures to
the northeast, east and west of the galactic nucleus. These struc-
tures are visible in the residuals image (filament surface bright-
ness: ~2 x 1072! erg s cm™2 A1) in Figs. 2c and d, obtained
after computing and subtracting an elliptical isophote model of
the underlying early-type galaxy. Candidate filaments extend-
ing ~5—10kpc to the Northeast are reminiscent of the emission
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Fig. 2. Host galaxy of 3C 273 within 5”. (a) contains original data. (b) is the isophote model. (c) and (d) are isophote-removed data. We have
newly identified a symmetric core component (CC) within ~1” (marked with dash dotted circle), a core blob (CB) component at ~1” to the west
of the quasar, a core jet (CJ) component, three smaller scale blobs (marked with dotted circles) at ~40 levels in comparison with their surrounding
host galaxy, and filamentary structures at ~30 levels. We recover the Martel et al. (2003) findings including jet component (JC), inner jet (1J), and
E1 component. Note: we masked out a PSF feature (e.g., Grady et al. 2003) in (c) and (d) a shaded ellipse to the east of the center. The data used

to create this figure are available at the CDS.

line nebulae seen, for instance, in the brightest cluster galaxy
(BCG) in the Phoenix cluster (McDonald et al. 2018). They are
believed to be multiphase gas that condenses out of the circum-
galactic medium and fuels further AGN feedback (Gaspari et al.
2015, 2018). Structures seen to the Eest several kpc from the
galactic nucleus and several kpc to the west are also potentially
consistent with this scenario, although either deeper or (ideally)
spectroscopic follow-up observations will be necessary to char-
acterize these structures. Further multi-band photometric or
spectroscopic follow-up observations with JWST will charac-
terize these structures and determine the role they play in the
lifecycle of AGN feedback in 3C 273.

3.2. Jet motion

3C 273 has been imaged with STIS, with the unocculted
50CCD imaging configuration, on 2000 April 3 in HST GO-
8233 (PI: S. Baum). We did not remove the PSF for this obser-

vation using the coronagraphic archive from Ren et al. (2017),
since unocculted PSFs do not resemble the coronagraphic ones
(Grady et al. 2003). Nevertheless, the jet is visible in both the
2006 and our 2022 observations, establishing a 7950-8027 day
separation (or 22 years) for the apparent motion measurement.

We aligned the rectified non-coronagraphic observations of
3C 273 with STIS using the “X marks the spot” method. In com-
parison with the coronagraphic observations, there are no data
quality extensions in the flat-fielded files in HST GO-8233; thus,
we removed the cosmic ray noise using the Astro-SCRAPPY
code (McCully et al. 2018), which implements the van Dokkum
(2001) approach in astropy (Astropy Collaboration 2013). In
comparison with Meyer et al. (2016), where two HST instru-
ments (WFPC2/PC and ACS/WFC) were used to obtain jet
motion, our study with an identical instrument permits motion
measurements with less offsets from different instruments.

To measure the jet motion between the two epochs using two
images with different quality, we adopted the concept of dummy
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Fig. 3. Motion of different components v, along the jet direction r in
units of speed of light ¢. The best-fit of ¥ = 0.9*03 (1L) - 15*% in
Sect. 3.2 suggests faster outwards motion when the jet components are
further from the quasar. The gray lines are 200 random samples from
the best-fit parameters and their covariance.

variables to simultaneously fit elliptical morphology and offset.
Specifically, for one jet component, we fit identical bivariate nor-
mal distribution to its data in two epochs while allowing for
translation and rotation (see Appendix C for details).

We also applied the same procedure to measure the offset
for background sources to correct for motion biases due to dif-
ferent observations. The field rotation between the two epochs
is 0°088 + 0.004, or 020040 + 020002 yr~!. This rotation rate is
faster than the result reported in the Ward-Duong et al. (2022)
study of 020031 + 020001 yr~', potentially due to our combina-
tion of coronagraphic images after rotation along the center of
the quasar. However, our result confirms the trend of STIS long-
term rotational evolution of the STIS CCD images.

By adopting a conversion factor of % as in Meyer et al.

(2016), where c is the speed of light, we calculated the apparent
proper motion of the jet components along the jet axis, which is
at a position angle of —13990 + 199 east of north based on the jet
components. We present the motion rates in Fig. 3 and Table C.1
following the annotations in Marshall et al. (2001). The motion
of the jet components along the jet direction is consistent with
zero at <20 levels. We witness a potential trend that the motion
is faster when it is further out. By fitting a linear relationship
between the distance to the quasar r in arcsec and motion v in c,
and excluding the nearby galaxy components (i.e., Inl, In2, and

Ex1; e.g., Meyer et al. 2016), we have f = 0.9f8§ (1L) - 15f§.

4. Summary

In this study, we take advantage the coronagraphic imaging
capabilities of HST/STIS in IWA and instrumentation stability
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(Debes et al. 2019) to validate STIS coronagraphy using extra-
galactic observations. By applying STIS coronagraph to the
iconic quasar 3C 273 and capturing its coronagraphic PSF using
two color-matching close-in reference stars, we have revealed
its surrounding regions, including its host galaxy, from ~0”2 to
~60".

We detected a more symmetric core component, CC, for the
host galaxy of 3C 273, in addition to confirming the existing
large-scale asymmetric components IC and OC that were pre-
viously identified in HST/ACS coronagraphy from Martel et al.
(2003). With the STIS coronagraphic observations, we also iden-
tified a core blob (CB) component, as well as other point-source-
like objects, after removing isophotes from the host galaxy. The
nature of the newly identified components, as well as the point-
source-like objects, would require observations from other tele-
scopes for further study.

Using a 22 yr timeline, we have constrained the apparent
motion for the jet components of 3C 273. With an identical
instrument between the two observations, we find that the jet
components in the largest scale jet are likely to have faster
motion when they are further from the quasar. We also confirm
the long-term rotational trend of the STIS CCD images.

To characterize the observed host components for 3C 273,
follow-up efforts in the NIR will help constrain the nature
of them in multi-wavelength color and/or spectroscopy. From
the ground, with the visible magnitude of quasars beyond the
capability of most of coronagraphic imaging systems that per-
form adaptive optics correction in visible light, the use of pyra-
mid wavefront sensing in NIR wavelengths could be necessary
(Keck/NIRC2: Bond et al. 2020; VLT/ERIS: Davies et al. 2018;
Kravchenko et al. 2022). From space, JWST coronagraphic and
non-coronagraphic imaging efforts will also access such hosts,
along with with the coronagraphic imaging observations needed
for probing deeper into the quasar surroundings.

Given it is the only operating space-based coronagraph in
visible light, HST/STIS offers an IWA of ~0”2 to image the
surrounding environment around bright central sources. In addi-
tion to the carefully selected PSF stars for this study, con-
tributing more reference star images taken at the smallest IWA
positions after the commissioning of the BARS occulter for
STIS (Schneider et al. 2014) to compile a library of PSF images
(Ren et al. 2017) could help to reduce the impact of color dif-
ferences and telescope status. Moreover, to reveal faint and
extended structures that could reach the sensitivity limit of
the STIS CCD, we recommend correcting its periodic read-
out variations (temporal variation: Jansen et al. 2003; Jansen
2013) before image rectification. Moving forward, an ongo-
ing calibration program, HST GO-17135 for STIS coronagra-
phy, has adopted a carefully designed dithering strategy might
provide smaller IWAs, which is expected to potentially push
towards imaging the components that are behind the current
coronagraphic occulters for stars and quasars towards ~0”1 (i.e.,
~0.3 kpc for 3C 273). Similarly, for JWST, such attempts are
also necessary given the supported sizes of the coronagraphs
are significantly larger than 071 (e.g., JIWST GO-3087). With
smaller IWAs for both telescopes, we can both confirm the exis-
tence of closest-in components and constrain their physical prop-
erties from multi-band imaging. In high-energy observations, we
can better characterize such structures, as well as binary active
galactic nuclei (e.g., Pfeifle et al. 2023) when advanced corona-
graphic instruments become available in the future.
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Appendix A: HST/STIS coronagraphic imaging

Table A.1. System parameters and STIS observation log

Target PSF1 PSF2
Object 3C 273 TYC 287-284-1 TYC 292-743-1
G 12.84 12.77 11.49
Bp—-Rp 0.494 0.515 0.536
G-Rp 0.348 0.327 0.340
Angular distance” e 427 2°7
Visit ORIENTAT? Exposure time (UT 2022-03-26)
01 1659359 | 2x3x315s .
02¢ 1602359 | 2x3x315s .
03 1382984 2x3%2%s
04 1559359 | 2x3x315s ..
Exposure time (UT 2022-01-08)
05 —100°609 | 2x3x315s .
06  —115%609 | 2x3x315s
07 —1122999 2x6x%x125s
08 —130°609 | 2x3x315s ..
Total exposure 11,340 s 1764s 1500 s

Notes: “Gaia DR3 angular distance to 3C 273. *The ORIENTAT param-
eter denotes the telescope roll angle using the angle the detector y axis
makes with North (Sohn 2019). “Central visits of the two observation
sets. The telescope roll between the two visits is 842032, which is used
to approach a full angular coverage since the BARS and WedgeAO0.6
occulting locations are close to the edges of the STIS detector.

HST/STIS coronagraphic imaging relies on well-chosen PSF
templates for data reduction (e.g., Debes et al. 2019). We list the
target and the PSFs in this study, along with their information
and observation log, in Table A.1. We present the coronagraphic
imaging occulting locations, as well as the coronagraphic data
before and after PSF-removal, in Fig. A.1.

The coronagraphic imaging mode of STIS offers four
major occulters: the two perpendicular wedges (WedgeA and
WedgeB), BAR10, and BARS which offers the smallest inner
working angle of ~072 (e.g., Medallon & Welty 2023). There
are 13 default occulting locations, as shown in Fig. A.1 (a)
for their empirical centers from Ren et al. (2017). In addition,
STIS users can issue instrument offsets from these centers for
customized imaging (i.e., “POSTARG”). Among the 13 occult-
ing locations, WedgeA1.0 IWA ~0”5) and WedgeA0.6 (IWA
~(0'/3), have mostly been used in existing locations (Ren et al.
2017), thus offering the largest PSF template archives for PSF
removal.

BARS is oriented ~12° clockwise from a horizontal occul-
ter, and we can image the surrounding environments of cen-
tral sources down to ~072. In fact, due to occulter defor-
mation pre-launch, the BARS occulter was not enabled for
HST General Observers science until Schneider et al. (2017). In
comparison, WedgeA 1is positioned vertically with WedgeA0.6
offering a ~0”/3 IWA. With BARS additionally blocking nearly
horizontal regions and WedgeAO0.6 blocking vertical regions due
to the existence of the coronagraphic occulters, the combination
of WedgeA0.6 and BARS is thus necessary to offer a nearly 360°
angular coverage (with an exception for the diagonal and off-
diagonal diffraction spikes) with the smallest IWAs. In addition,
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WedgeAO.6 is located 68 pixel or 3”745 from the bottom of the
coronagraphic edge, while, on the other hand, BARS is located
54 pixel or 2774 from the right coronagraphic edge; thus multi-
ple telescope rolls can help in imaging structures beyond these
angular radii.

To demonstrate the improvement in PSF removal with coro-
nagraphic imaging, we present in Fig. A.1(b) and (d) two
exposures on the detector frame at different roll angles using
BARS and WedgeAO.6, respectively. With CTI effect corrected,
Fig. A.1(c) and (e) are the corresponding 3C 273 surroundings
after PSF removal. The count rates can be reduced by a factor
of ~5 at ~1”/5 after PSF removal, thus extracting the surround-
ings that are overwhelmed by the PSF. In addition, the count
rate reduction is performed on the PSF halo of the central source
behind the coronagraph, making another step forward in actual
suppression of the central source light using a combination of
instrumentation and data reduction. To validate the PSF removal
results for 3C 273, we reduced the PSF1 exposures using the
PSF2 exposures for a comparison by following an identical PSF
removal process as 3C 273. In the PSF-removed residuals for
PSF1 in Fig. A.2, no significant signals resembling the 3C 273
residuals exist.

To obtain the final image in Fig. 1, multiple telescope rolls
are necessary in obtaining a ~360° angular coverage to resolve
the constraints from the occulting locations being located near
the edge of the STIS field of view and diffraction spikes. In addi-
tion, STIS allows subarray readouts in obtaining smaller field
of view (e.g., Schneider et al. 2018) to increase observation effi-
ciency in reducing readout time in its electronics. We did not
request the subarray readout here, since the purpose is to image
the 3C 273 surroundings to the largest spatial extent.

In the post-processing of the STIS coronagraphic imaging
data in Sect. 2.3.2, we used the median exposures from two
stars as the empirical PSF template for 3C 273. Alternatively,
the usage of archival data may better capture the PSFs of cen-
tral sources to extract extended structures (e.g., Soummer et al.
2014; Ren et al. 2018; Sanghi et al. 2022; Xie et al. 2023). To
explore this, we updated the coronagraphic PSF archive at the
BARS location for STIS from Renetal. (2017). With both
the principal-component-analysis-based PSF modeling approach
(Soummer et al. 2012) and the non-negative matrix factorization
method (Ren et al. 2018) applied to STIS coronagraphic imag-
ing (e.g., Ren et al. 2017, 2018; Walker et al. 2021), we did not
observe any significant improvement in the data reduction qual-
ity. This is due to the fact that BARS was supported relatively
late (Schneider et al. 2017; Debes et al. 2019) since the installa-
tion of STIS on HST in 1997, and its PSF diversity is not com-
parable to that of the other STIS occulters (e.g., WedgeAO.6,
WedgeA1.0: Ren et al. 2017). Nevertheless, given that it offers
the narrowest IWA in visible wavelengths (Debes et al. 2019),
the increase of popularity in BARS (e.g., Schneider et al. 2018;
Walker et al. 2021; Ren et al. 2023; Debes et al. 2023) can help
provide better PSF templates in the future. Its potential in
PSF modeling can be maximized when a PSF reference does
not match that of the target in complicated scenarios (e.g.,
source-variability-induced color and thus PSF change in STIS:
Stark et al. 2023).
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Fig. A.1. HST/STIS coronagraphic imaging can reveal faint structures that are overwhelmed by the PSF of central sources. (a) STIS coronagraphic
occulter from Debes et al. (2017), with empirical occulting locations in Ren et al. (2017). (b) and (d) are example 3C 273 exposures with a few
CTI trail examples marked using triangles from the BARS and WEDGEAQO.6 occulters, respectively. (c) and (e) are the PSF-removed results on
rectified CTI-corrected images for (b) and (d).

Fig. A.2. PSF removal for PSF1 using PSF2. (a) and (c) are rectified
CTI-removed PSF1 exposures under BARS and WedgeAO.6, respec-
tively. (b) and (d) are the corresponding PSF-removed residuals for
PSF1 for (a) and (c). In comparison with the 3C 273 residuals in
Fig. A.1 with identical color bars, there are no significant residuals for
PSF1 that resemble 3C 273 residuals.
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Appendix B: Auxiliary images

B.1. Phase Il planning and coverage map
20"

Diffraction spikes

4

10"

-10”

220"
20" 10" 0"
AR.A.

-10” 20"

Fig. B.1. On-sky coverage of 3C 273 surroundings using the STIS coro-
nagraph from 36 individual readouts in six orbits. The colored values
denote the total readout count for a specific location. The STIS corona-
graphic occulters (e.g., Debes et al. 2019) are annotatated with arrows,
and regions with zero coverage due to occulting are colored white. See
Fig. 1 for the corresponding quasar surroundings with a same field of
view.

To enable HST users in phase II for realistic observation cov-
erage planning with the APT for STIS coronagraphy, we have
developed the VISIT-STIS-Coron visibility tool (Ren 2022).
In the visibility tool, the parameters are consistent with the
APT conventions, including occulting location, telescope param-
eters (e.g., ORIENT,?® POSTARG), etc. In addition, the occult-
ing locations are empirically measured using the entire STIS
coronagraphic archive in Ren et al. (2017), which can ensure
maximum telescope pointing repeatability between observation
planning and execution. For STIS coronagraphic data reduction,
VISIT-STIS-Coron also includes a coronagraphic mask avail-
able in FITS format created in Debes et al. (2017).

Using on-sky observations, we created a coverage map for
GO-16715 in Fig. B.1, which also takes into account of the
diffraction spikes of the central quasar from HST optics. Despite
a nearly 360° azimuthal coverage, the northeast region of the
quasar surroundings has less exposures, which was not originally
planned in the Phase II, but instead due to an updatte3 in the HST
guide star catalog in 2022 between the two sets of 3C 273 visits.

B.2. S/N map

We calculated the pixel-wise S/N map for Fig. 1 as follows. First
we identified four background regions that do not contain astro-
physical signals by eye (see the full-frame result in Fig. B.2).
We then calculated the standard deviation of the selected regions
to estimate the noise. The noise level does not change signif-
icantly when we use only a few regions for analysis or change

8 The ORIENT parameter in the APT is not the ORIENTAT parameter
in observation.
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Fig. B.2. Full-frame result of 3C 273 surroundings from GO-16715. The
regions within the four dashed circles are used to estimate the noise.
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Fig. B.3. Pixel-wise S/N map, obtained through dividing Fig. 1 by the
pixel-wise standard deviation of the astrophysical-signal-free regions
identified by eye.

their locations and sizes. Finally, we divided the data in Fig. 1 by
that calculated value of standard deviation for these background
regions. We present the S/N map in Fig. B.3.

To investigate the impact of the selection of background
regions, we changed the locations and sizes selected regions
for noise estimation and the resulting S/N maps do not have
significant change from Fig. B.3. In fact, due to the posi-
tions of the BARS and WedgeAO0.6 occulters, the telescope roll
angles, and our readout in the full frame, the final full-frame
result has a field of view of ~100” x 100”. In comparison,
the 3C 273 host resides within a 40” x 40" region in Fig. 1
which is cropped from the full-frame result. As a result, while
there are foreground stars (2MASS J12290318+0203185 and
2MASS J12290786+0203359, which are located at 644 + 7 pc
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Table B.1. Surface brightness of structures in Fig. 2

Feature Surface brightness
(x107 0 erg s' cm™2 A1)

b ~0.5

by ~0.3

bs ~0.3

CB 5+2

CcC 14+5

CJ 3+2
filament ~0.4

El ~0.6

JC 0.37 £0.17

I 0.25 +0.13

background 0.013 £ 0.013

| | | | | |
20 0 B 2" 0 Y

Fig. B.4. Small-scale features in isophote-removed residuals in Fig. 2
can persist in multiple telescope orientations. (a), (c), and (e) are for
BARS. (b), (d), and (f) are for WedgeAO.6.

and 203.4 + 1.9 pc from the Sun in Gaia DR3, respectively. The
two are not shown in Fig. 1, but they are available in the corre-
sponding full-frame image in Fig. B.2) and background galax-
ies in the full-frame result, which can reach a large fraction of
the areas in a 120” x 120" field; the majority of the full-frame
result contains background regions that can be used to quantify
the noise in the reduction.

B.3. Small-scale features

In Fig. B.4, we present the small-scale features identified in
Fig. 2 at different telescope orientations and occulting locations.
In Table B.1, we present the surface brightness for the newly
identified features, as well as those in Martel et al. (2003) from
Fig. 2.

Appendix C: Jet motion measurement

We assume that the surface brightness distribution of an elliptical
component follows a bivariate normal distribution,
S(ro) ~ N2 (o, Xo) (C.D
where N denotes a normal distribution with a dimension of k €
Zand ry = [x,y]” € R?>*! denotes the on-sky location, while y,, €
R?>*! and X € R?*? are the expectation and covariance matrix for

the distribution, respectively. We can perform matrix translation
then rotation to obtain a new surface brightness distribution, S”’.

C.1. Elliptical component motion

To enable the translation and rotation of the surface brightness
distribution in Eq. (C.1), we define r = [rj, 1] tobe a3 x 1 col-
umn matrix, where T denotes matrix transpose. We additionally
define its corresponding expectation and covariance matrices to
be:

H=pe®l, (C2)
and
2=X,80, (C.3)

respectively, where @ is matrix direct sum. With these, we can
rewrite Eq. (C.1) in a 3D form,

S(r) ~N3(u,X). (C4
For a translation matrix 7', we have

1 0 ¢

0 1 1],

0 0 1

T =

where f, € R and #, € R denote the translation along the x-
direction and y-direction, respectively. For a rotation matrix R,
we have

costy —sintyg O
R =|sinty costy Of,
0 0 1

where ty € [—n, 1) denotes the clockwise rotation about the ori-
gin. A translation then rotation a surface brightness distribution
following Eq. (C.4) then follows

S’'(r) = RTS(r) ~ N3 (RTp,RTZTTRT).

Given that the last row and column of Eq. (C.3) are composed of
0, we can rewrite the above distribution as
S'(r) ~ N3 (RTy,RzRT). (C.5)
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Fig. C.1. Ellipse fitting to obtain the morphology and motion for jet
component A2. The (a) 2000 and (b) 2022 data are normalized to have
a peak count of one in each panel. Then, (c) and (d) are the best-fit
models, which follow identical bivariate normal distribution but with
location offset, for (a) and (b), respectively. Finally, (e) and (f) are the
residuals after subtracting the models from the corresponding data.

C.2. Motion quantification

For a bivariate normal distribution at two epochs, we assume that
its morphology does not change significantly. In this way, we can
use Egs. (C.4) and (C.5), which share identical morphological
parameters g and X, to obtain the relative motion between two
epochs. To maximize the information from both datasets, we use
the statistical concept of dummy variables (see, e.g., Ren et al.
2020, for an application in high-contrast imaging science) to fit
Egs. (C.4) and (C.5) simultaneously.

First, we rewrite the distribution of the first two entries in
Egs. (C.4) in a general form in Cartesian coordinates, with the
distribution centered at (x, yo) and rotated 6y € [—n, ) along the
counterclockwise rotation from a rectangular bivariate normal
distribution. We have

1
S(x,y) = Aexp {—5 |ax = x0)* + 2b(x = x0)(y = o) + c(y - W]} :

(C.6)
where A € R is the amplitude, and
_ cos? [ sin? 6o
a == + T
_ sin26p sin 26y
bo="%a g €7
sin? 6 cos? 6
c =T+t

o lox

X y

Second, we introduce a dummy variable D € {0,1} to
Eq. (C.6) to denote the offset along x- and y-axis, and rotation
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1072

1073

Fig. C.2. Components (marked by squares) and background objects
(marked with diamonds) used in motion measurement and instrument
offset calibration, respectively.

Table C.1. Measured motion rates along the jet in Fig. 3

Feature | Distance to 3C 273  Radial Motion  Significance
Al 1370 —3.4c+2.5¢ 130
A2 1472 —0.4c +5.2¢ 0.10
Bl 1572 —0.6¢ + 3.4¢ 0.20
B2 1578 2.6c+4.1c 0.60
Cl1 168 —4.4c £5.0c 0.90
C2 178 -5.6¢ +6.1¢ 0.90
C3 1971 7.6c =53¢ 4o
D 1978 29c +4.3c 0.70
H3 2073 3.0c £4.3¢ 0.70
H2 2172 6.0c +=7.1¢ 0.80
In1¢ 12772 -1.5¢ +3.1¢ 0.50
In2° 12774 —6.7¢ £2.5¢ 270
Ex1¢ 22’5 5.9¢ £ 6.9c¢ 0.80
Notes: “Background galaxies in Meyer et al. (2016).
from 6y using the following substitution:
Xo = Xxo + t.D
Yo =yo + 4D, (C.8)
6y = 6y + tyD

to obtain the general form for the first two entries in Eq. (C.5)
when D = 1.

Third, by combining Eqgs. (C.6)—(C.8), we can obtain the
general form for the first two entries in Eq. (C.4), when the
dummy variable is D = 0, and the two in Eq. (C.5), when
D = 1. To obtain the morphological and offset parameters in
two epochs, we use (x,y, D) as the independent variables and
surface brightness, S (x, y, D), as the dependent variable.

For each elliptical component, using the curve_£fit func-
tion from scipy (Virtanen et al. 2020), we can obtain the best-
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fit parameters for the elliptical morphology (i.e., A, Xo, Yo, O,
oy, By) and the motion (i.e., ty, #,, ty), as well as their covariance
matrix. In practice, we also had a local background brightness
value that was added to Eq. (C.6) to quantify the background dif-
ference in two epochs. We adopt the square root of the diagonal
values of the covariance matrix from curve_fit as the uncer-
tainty of the elliptical and motion parameters. In Fig. C.1, we
present a demonstration of the fitting process.

C.3. Instrument offset calibration

To address any potential bias in our alignment and rotation of
two images in 2000 and 2022, we used background objects to
calibrate the translation and rotation offsets between two epochs
(see Fig. C.2). Assuming the background sources in the two
images do not move, we can first offset then rotate one image
to another to calibrate the global offset.

For a background object, we can follow Appendix C.2 to
obtain its best-fit and uncertainty values for the motion parame-
ters: ¢, t,, and #9. To quantify the global offset in 7, 7, and 7y, we

assume that the motion parameters are dependent on the centers
of the ellipses (xo, yo). Using the odr function which performs
orthogonal least-squared-fitting for data with both input and out-
put uncertainties (Boggs et al. 1989) from scipy, we obtained
the best-fit parameters for 7,, 7,, and 7.

For a jet component, we followed Appendix C.2 to obtain
its offset, then corrected the global offset measured from back-
ground objects. To obtain the jet component motion along
the jet direction, we first obtained the position angle of the
jet by performing least-square fit to the location of the jet
components. We then projected the calibrated offset for a jet
component, which is expressed as a bivariate normal distribu-
tion from the odr outputs, to the jet direction though matrix
rotation, see Eq. (B8) in Shuaietal. (2022) for a similar
approach.

C.4. Measured motion

We present the measured motion rates from Sect. 3.2 in
Table C.1.
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