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Abstract

JWST observed the magnetar 4U 0142+61 with the Mid-Infrared Instrument (MIRI) and Near Infrared Camera
(NIRCam) instruments within a 77 minute time interval on 2022 September 20-21. The low-resolution MIRI
spectrum and NIRCam photometry show that the spectrum in the wavelength range 1.4—11 um range can be
satisfactorily described by an absorbed power-law (PL) model, f,, < v~ %, with a spectral slope @ = 0.96 + 0.02,
interstellar extinction Ay, = 3.9 £0.2, and normalization fy=59.4 £ 0.5 pJy at A=8 pum. These observations
do not support the passive disk model proposed in 2006 by Wang, Chakrabarty and Kaplan, based on
Spitzer photometry, which was interpreted as evidence for a fallback disk from debris formed during the
supernova explosion. We suggest a nonthermal origin for this emission and source variability as the most likely
cause of discrepancies between the JWST data and other IR-optical observing campaigns. However, we cannot
firmly exclude the presence of a large disk with a different dependence of the effective disk temperature on
distance from the magnetar. Comparison with the PL fit to the hard X-ray spectrum above 10 keV, measured by
the NuSTAR contemporaneously with JWST, shows that the X-ray spectrum is significantly harder. This may
imply that the X-ray and IR nonthermal emission come from different sites in the magnetosphere of the
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magnetar.

Unified Astronomy Thesaurus concepts: Magnetars (992); Debris disks (363); Neutron stars (1108)

1. Introduction

Magnetars are neutron stars with extremely large inferred
magnetic fields (B~ 10"-10"°G) and long spin periods
(P=1-125; Olausen & Kaspi 2014).® Their persistent X-ray
luminosities substantially exceed their spin-down energy-loss
rates, suggesting that magnetar emission is powered by their
strong magnetic fields. Soft X-ray (0.5-10 keV) spectra of
magnetars are often described by a two-component, blackbody
(BB) + power-law (PL) model with kT~ 0.4 0.6keV and
spectral slope «~1-3 (energy flux density f, v @).
Magnetars have been also detected in hard X-rays (10-100
keV), where their spectra show an upturn (¢f, increases with
increasing photon energy). For several magnetars observed
multiple times in the near-IR (NIR), variability has been
reported (e.g., Durant & van Kerkwijk 2005; Hulleman
et al. 2004).

Although the isolated and nonaccreting magnetar interpreta-
tion is widely accepted, other hypotheses have also been
discussed. One alternative explanation attributes the quiescent
emission of magnetars to low-rate accretion, possibly from a
“fallback” disk (e.g., Chatterjee & Hernquist 2000; Perna et al.
2000; Eks1 & Alpar 2003). Fallback in supernovae occurs when
the supernova ejecta is accreted by the newly formed compact

8 See the McGill magnetar catalog at http: //www.physics.megill.ca/~pulsar/

magnetar/main.html.
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object (Colgate 1971, 1988; Chevalier 1989). This would
naturally explain the long magnetar spin periods, but can hardly
explain the powerful outbursts and high-energy tails (but see,
e.g., Kylafis et al. 2014; Zezas et al. 2015). However, even if
the fallback disks are not responsible for all the X-ray behavior
of magnetars, they could still exist and manifest themselves in
different ways and/or at other wavelengths.

Being one of the brightest magnetars, the “anomalous X-ray
pulsar” 4U 0142461 was detected in X-rays with Uhuru
(Forman et al. 1978), and its X-ray period, P~ 8.7s, was
discovered with EXOSAT (Israel et al. 1994). The energy-loss
rate (or spin-down power) of the magnetar, E = 1.2 x 1032
erg s, is about 3 orders of magnitude lower than its quiescent
X-ray luminosity, L, jgkev =1 X 10* erg s~ at the most
likely distance d=3.6kpc. 4U 0142461 exhibits a typical
magnetar-like X-ray spectrum and energy-dependent pulse
profiles, with a pulsed fraction of ~4% at energies of a few keV
(Woods & Thompson 2006). On 2007 February 8, 4U 0142
+61 produced a strong outburst detected in RXTE monitoring
data (Gavriil et al. 2008). During the outburst, the peak flux in
the 2-60 keV band exceeded the quiescent level by a factor of
500-1000. Recent X-ray polarization measurements (Taverna
et al. 2022) are consistent with a model in which thermal
radiation from the magnetar surface is reprocessed by scattering
off charged particles in the magnetosphere.

At longer wavelengths, an optical source having peculiar
colors was detected in Keck observations by Hulleman et al.
(2000) at the X-ray position of 4U 0142461, and it was the first
identified optical counterpart of a magnetar. Its faintness
(R =25 in 1999 September) argued against an active accretion
disk as the source of the observed optical emission. In addition,
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strong optical pulsations, with a pulsed fraction of ~28% (Kern
& Martin 2002; Dhillon et al. 2005), were detected at the X-ray
period, suggesting that most of the optical emission originates
in the magnetar’s magnetosphere (but see Ertan & Cheng 2004;
Eks1 & Alpar 2003). The optical and X-ray pulse profiles show
similar morphologies and are approximately in phase with each
other. The NIR emission of 4U 0142461 was first investigated
by Hulleman et al. (2004), who found the K (K;) magnitudes to
be in the 19.6-20 mag range from three observations with
NIRC on Keck I. Hulleman et al. (2004) inferred significant
variability in the NIR, later confirmed by Durant & van
Kerkwijk (2006), who reanalyzed all the NIR-optical data.
However, the optical-NIR variability was later disputed by
Muifioz-Darias et al. (2016), who reanalyzed some of the
archival data and claimed that the source was not variable in
optical data over a 12 yr timespan. 4U 0142461 was also
observed with the Hubble Space Telescope (HST) Wide Field
Camera 3 (WFC3) in the NIR in 2018 and detected at
22.64 £0.01 and 22.07 £0.01 mag (in the AB magnitude
system) in the FI25W and F160W filters, respectively
(Chrimes et al. 2022), which differs by <20 from the fluxes
measured from previous ground-based observations in the J
and H filters.

As part of a systematic search for supernova debris disks
around young neutron stars (NSs), predicted by current
supernova models (Heger et al. 2003), 4U 0142+-61’s mid-IR
(MIR) counterpart was detected with the Spitzer Infrared Array
Camera (IRAC) in the 4.5 and 8.0 um bands by Wang et al.
(2006). From these measurements and earlier optical-NIR
observations, which were not contemporaneous with the
Spitzer observations, Wang et al. (2006) inferred an IR excess
and concluded that this emission emerges from a passive,
nonaccreting disk, illuminated by the magnetar’s X-rays. After
correcting for the interstellar reddening (assuming Ay = 3.5),
Wang et al. (2006) found that the intrinsic IR spectrum was
consistent with a 920 K BB or, even better, with a
multitemperature (700—1200 K) thermal disk model. They
proposed that the disk is a dusty remnant of fallback material
from the supernova that created the magnetar, which would
make it the first supernova debris disk directly detected around
a young NS. Four additional IRAC observations, taken 2-3
weeks after a burst on 2007 February 7, showed virtually the
same fluxes in the 4.5 and 8.0 pm bands (Wang & Kaspi 2008).

In a subsequent paper, Wang et al. (2008) analyzed Spitzer
Infrared Spectrograph (IRS) data and argued that the spectrum
may contain a 9.7 ym emission feature, which could be a
signature of dust emission from silicate grains. From a Spitzer
Multiband Imaging Photometer (MIPS) observation, Wang
et al. (2008) also reported an upper limit at 24 ym, showing a
turndown of the magnetar’s spectrum at longer wavelengths.

These findings motivated us to propose contemporaneous
low-resolution spectroscopy in IR and photometry in NIR with
JWST, supplemented by the X-Ray Telescope on board the
Neil Gehrels Swift Observatory (Swift-XRT) and Nuclear
Spectroscopic  Array (NuSTAR) observations in X-rays
(Pavlov et al. 2021). Section 2 provides a description of the
Mid-Infrared Instrument (MIRI), the Near Infrared Camera
(NIRCam), Swift-XRT, and NuSTAR observations and their
analyses. We discuss our findings in Section 3, and conclude
with a summary in Section 4.
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2. Observations and Data Analysis
2.1. JWST NIRCam Imaging and Photometry

NIRCam (Rieke et al. 2023) was used to image the magnetar
and measure its flux in two spectral bands. The NIRCam
observations were carried out on 2022 September 21 from
00:34:19 to 00:43:48 UTC. The F250M and F140M filters
were employed in the long- and short-wavelength NIRCam
channels, using the NRCBLONG and NRCBI1 detectors,
respectively, in the SUB400P subarray configuration. The
pivot wavelengths and bandwidths for these filters are listed in
the Appendix, and Figure 1 shows the wavelength dependen-
cies of the filter throughputs.

We used the RAPID readout pattern, having seven total
dithered integrations and 10 groups per integration. The
effective scientific exposure time in each of the F250M and
F140M filters is 115.9 s. We use the pipeline-processed data
(calibration software version 1.11.4; Bushouse et al. 2023). In
the drizzle process, a pixel shrinking of 1.0, pixel scale ratio of
1.0, and inverse variance map weighting scheme were used for
the final resampling of the data. The nominal pixel sizes are
62.7 and 30.7mas for the F250M and F140M images,
respectively.

Both the 250M and F140M images show a strongly
nonuniform background, dominated by the so-called 1/f noise
patterns (Schlawin et al. 2020). The details of the source
photometry for these noisy images are described in the
Appendix. The net source flux densities in the F250M and
F140M filters are f,=14.5+£04 pJy and 5.1 £0.3 uly,
respectively. The statistical uncertainties here and throughout
the paper are reported at the 1o level unless noted otherwise.

For the F250M filter, which has a larger field of view, we
compared the radial profile of 4U 0142461 with those of other
(likely stellar) sources in the field and found them to be
consistent with each other. Hence, we conclude that there is no
indication of any extended NIR emission around the magnetar.
The field of view for the F140M filter was smaller and no other
sources were detected, leaving nothing to directly compare the
radial profile to. The empirical point-spread function (PSF)
FWHM for the F250M (F140M) filter is 85 (48) mas, which
constrains the angular size of the source to be <071. At a
distance of 3.6 kpc, the F250M limit corresponds to a Iphysical
limit on the size of a disk or IR wind nebula of <10'® cm or
<2 x10° R..

2.2. JWST MIRI Spectroscopy with Low-resolution
Spectrometer

2.2.1. Observation and Data Reduction

MIRI (Rieke et al. 2015) on JWST observed 4U 0142+61 on
2022 September 20 starting at 23:26:56 UTC. We employed
the MIRI low-resolution spectrometer (LRS. Kendrew et al.
2015), which has a resolving power R = A\/Al\=
24(A/1 pm) — 80 in the 5-12 um range. A two-point dither
ALONG SLIT NOD, which places the source at two different
positions in the slit so that the sky background could be
subtracted, was used. The MIRI LRS observed 4U 0142-+61
for 1975.8 s, and the data were read out using the FASTR1
mode. An acquisition image was obtained in the MIRI F560W
filter (using the FASTGRPAVG readout) with an exposure
time of 44.4s.
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Figure 1. Spectral fits and fit residuals of the observed MIRI LRS spectrum (blue points) with absorbed blackbody (top) and power-law (bottom) models. The
NIRCam F140M and F250M flux densities (black) are shown but not included in the fits. The semitransparent red areas show the wavelength dependencies of the
throughputs of these filters. The residuals are defined as Ax = (data — model)/error, where the values of “data” and “error” are supplied by the JWST calibration

pipeline.

We performed several different extractions of the 1D
spectrum using the JWST pipeline to assess the impact of
using nondefault extraction parameters (e.g., extraction center
and width, linear versus polynomial trace, different background
regions). For instance, some MIRI LRS spectra have been
found to be offset from the aperture position used by the
standard pipeline, which can lead to poor extractions of the 1D
spectrum (see, e.g., DerKacy et al. 2023). These additional
extractions did not exhibit any significant shift in the
normalization or shape of the spectrum compared to the
spectrum extracted by the standard pipeline. Therefore, we
simply used the JWST pipeline extraction of the 1D spectrum
for analysis, which was extracted using version 1.13.3 of the

calibration pipeline (Bushouse et al. 2024). We analyzed the
spectrum in the 5-11 ym wavelength range, since that is where
the source dominates over the background.

Several issues remained with the spectrum after reducing it
with the standard JWST pipeline. The first is that there was a
hot pixel in one of the MIRI LRS observation nods that was not
removed by the pipeline. The hot pixel appears as a very bright
pixel in the 2D spectrum and as a single, bright but narrow line-
like feature in the 1D spectrum at 9.9 ym. To remove this
feature, we took the mean of the nearest four points (spanning
~0.07 pm), using the values of the two next longer and shorter
wavelengths, and replaced the hot pixel value with this mean
value. The second issue is that two points near 6.5 pm did not
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have any associated uncertainties, so we adopted the error bars
from neighboring points for these two points.

Another issue is that the uncertainties of the spectral data
points appear to be underestimated (e.g., neighboring values
often fluctuate by a much larger amount than the pipeline-
calculated uncertainties). Because of this error underestimation,
one has to add hypothetical systematic errors to get acceptable
spectral fits with reasonable models (see Section 2.2.2).

2.2.2. Modeling the JWST Spectrum of 4U 0142461

We start from fitting the MIRI LRS spectrum with two
simple models. First, following Wang et al. (2006), we use an
absorbed BB model to look for a thermal IR source, such as a
small disk with a nearly constant temperature. To account for
absorption, here and in other fits and estimates we use the
dust_extinction package (Gordon et al. 2023), with the
V-band extinction Ay as a fitting parameter. We found that the
best-fit BB model has a temperature 7= 562.2 + 0.8 K and an
equivalent sphere radius R= (11.40+0.04) R, (at d=3.6
kpc), but the fit is clearly unacceptable (see Figure 1), with a
large reduced chi-squared, xlz, = 14, for v =184 degrees of
freedom (dof). Additionally, the best-fit absorption in this
model is Ay =0, which is inconsistent with the previously
reported value of Ay =3.5+0.4 (Durant & van Kerkwijk
2006). The best-fit BB model and residuals to the LRS
spectrum are shown in the top panel of Figure 1. Note that the
NIRCam points are not used in the fit (or x2 calculation), but
the extrapolation to the NIRCam wavelengths also shows this
model is incompatible with the data. Thus, we conclude that the
5-11 pum emission cannot be explained by a single-temperature
thermal model.

The second model used is an absorbed PL model, i.e.,
£, =f A/ 2021079 = £ (v/1p)" @104, Fitting with
this model yields an extinction parameter Ay = 3.94 +0.07,
spectral index «=0.963 +0.005, and normalization fy=
59.4+0.2 pJy, at \g=8 pum. The fit is significantly better
than the absorbed BB model fit (see Figure 1), but Xi = 7.1 for
v =184 is still too large to make it formally acceptable. This is
likely due to the uncertainties being underestimated, particu-
larly at shorter wavelengths. To make the fit formally
acceptable, one has to significantly increase the pipeline-
produced uncertainties. For instance, we find that multiplying
each of the pipeline-produced uncertainties by a factor of 3
gives a )(5 = 0.79. This does not change the best-fit values but
increases the uncertainties of the fitting parameters:
Ay=39+0.2, a=0.963+0.015, and fy = 59.4 & 0.5 uJy.’

The best-fit PL model and residuals to the LRS spectrum
(using the pipeline-produced uncertainties) are shown in the
bottom panel of Figure 1. Again, we note that the NIRCam
points are not used in the fit (or X2 calculation), but the
extrapolation to the NIRCam wavelengths also shows good
agreement with the data. The residuals of the PL fit show a hint
of a spectral feature around 6 um. We, however, do not have a
plausible interpretation of this feature and suspect it is due to
calibration errors.

In Figure 2, we show the 1o and 30 confidence contours in
the Ay—a plane, using both the pipeline-produced uncertainties
(errl in Figure 2) and the uncertainties multiplied by a factor of

°  We note that increasing the uncertainties for the BB model gives Xz = 1.55,

but there are still strong systematic residuals, particularly at short wavelengths,
while the NIRCam points remain discrepant with this model.
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Figure 2. 10 and 30 confidence contours in the extinction—spectral slope plane
for the absorbed PL fits to the MIRI LRS-only and MIRI LRS+NIRCam data.
Two sets of contours are shown; one set shows the contours using the pipeline-
produced MIRI LRS uncertainties (errl), while the other shows the contours
when inflating the MIRI LRS uncertainties by a factor of 3 (err3; see
Section 2.2.2). Note that the NIRCam uncertainties are not inflated in the
latter case.

3 (err3 in Figure 2). We also plot the confidence contours both
including and excluding the NIRCam data points. The best-fit
parameters do not change much with the inclusion of the
NIRCam points.

We note that the pipeline-produced LRS spectrum used in
our fits is oversampled: The number of wavelength bins (187 in
the 5-11 um band) is larger than the number of resolution
elements (~80 in the same band), which means that the original
bins can be combined into broader bins without a significant
loss of resolution. We have checked, however, that a moderate
binning (e.g., by a factor of 3) does not change the best-fit
parameter values and only very slightly increases their
uncertainties.

We also note that throughout the analysis of the MIRI LRS
spectrum several calibration updates have been released and
have occasionally caused shifts larger than the formal
uncertainties in the best-fit parameters. For instance, using an
earlier calibration version, we found best-fit parameters of
Ay=3.3£0.2, spectral index o =1.034 + 0.013, and normal-
ization fy=55.6+0.4 pJ with a similar XIZ/ = 0.76 (multi-
plying the data uncertainties by a factor of 3). This shift due to
calibration is much larger than the uncertainties obtained for a
given calibration version. However, the calibration of the LRS
should be continually improving throughout the mission, so we
use the best-fit values from the latest calibration for the
remainder of this paper, but caution that a later calibration
update may cause further changes in the best-fit parameters.

2.3. X-Ray Observations

To examine a contemporaneous spectral energy distribution
(SED) from IR to hard X-ray, we carried out nearly
simultaneous observations of the magnetar with the NuSTAR
and Swift X-ray observatories.

2.3.1. Swift-XRT

Swift-XRT observed 4U 0142+61 starting at 01:11:36 UTC
on 2022 September 21. This observation overlapped with the
NuSTAR observation but occurred about 25 minutes after the
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Table 1
Best-fit Parameters for BB4+PL+PL (Model 1) and BB+BB+PL (Model 2; see Section 2.4) Fit to the Near-simultaneous Swift+NuSTAR X-Ray Spectrum of
4U 0142461

Model Const. Ny kT, Norm,” Ty /kT, Norm,™¢ r, Norms®© Fy* x?/dof
# FPMA /FPMB* (10 cm™?) (keV) (---/keV) 107%) (107" c.gs.)
1 1.007934/0.99 004 1.58(8) 0.47(1) 138+ 3.90(8) 0.22(3) 0.35(7) 3.5108 7.7(5) 596.1/610
2 0.96(3)/0.95(3) 0.54(4) 0.464(8) 302530 1.09(3) 1.2(2) 0.83(6) 20(3) 1.68(8) 634.0/610
Notes.

# Normalization constant to account for differences in normalization due to calibration uncertainties between Swift-XRT and NuSTAR. The constant value is frozen to

1 for the Swift-XRT spectrum and fit for the NuSTAR spectra.

b bbodyrad normalization, szm / d,zo, where Ry, is the source radius in kilometers and d; is the source distance in units of 10 kpc.

¢ Power-law normalization in photons keV ™' ecm > s ' at 1 keV.
4 Unabsorbed X-ray flux in the 0.5-80 keV energy band.

end of the JWST observation. The source was observed using
windowed timing mode with an exposure time of 2.2 ks. The
source spectrum was extracted using the online Build XRT
products pipeline (Evans et al. 2009)."° We binned the
spectrum to have a minimum signal-to-noise ratio of 5 and fit
it in the 0.5-10 keV energy range.

2.3.2. NuSTAR

NuSTAR observed 4U 0142+61 simultaneously with JWST
for 40.8 ks on 2022 September 20 (ObsID 30801028002) with
the observation starting at 23:01:09 UTC (i.e., about 30
minutes before the start of the JWST observation). The data
were processed and reduced using HEASOFT version 6.31.1,
with version 2.1.2 of the NuSTAR data-analysis pipeline using
calibration version 20221115. The source spectrum was
extracted from a 70" radius circle centered on the source.
The background spectrum was extracted from a 70" circle
placed in a source-free region on the same detector as the
source. The source count rate was about 0.6 cts s~ ' for FPMA /
B in the 3-78 keV energy range. The spectra were binned to
have a minimum signal-to-noise ratio of 5 and fit in the
3-78keV energy range. The X-ray spectra were fit with
XSPEC version 12.13.0 ¢ (Arnaud 1996). We used the tbabs
absorption model with wilms abundances (Wilms et al. 2000).

2.4. X-Ray Spectral Modeling
The broadband X-ray spectrum of 4U 0142461 has been

the previous work by Tendulkar et al. (2015) showed that it can
fit the spectra equally well but provides a significantly different
photon index for the hard PL tail.

We report the best-fit values for both models in Table 1.
Statistically acceptable fits were achieved for both models,
although the BB4+PL+PL model fits the data better than the
BB+BB+PL model. Overall, the best-fit parameters for
model 1 from our data set agree with the values found by
Tendulkar et al. (2015). However, we find higher temperatures
for both thermal components in model 2 and a harder
photon index (i.e., I';, = 0.83 for our fits versus 1.03 from
Tendulkar et al. 2015). These differences may be due to
changes in the NuSTAR calibration between the NuSTAR
observations and analyses. In any case, we are primarily
focused on the hard PL component of the spectrum, as it is the
most likely to connect to the IR. We find that the photon index
of the hard PL tail is I';, = 0.35 4+ 0.07 («j, = —0.65 £ 0.07) or
I, =0.83 £0.06 (o, = —0.17 £ 0.06) for model 1 and model
2, respectively. Figure 3 shows the best-fit for model 1, the fit
residuals, and the unfolded spectrum and individual model
components.

3. Discussion

The JWST observations have shown that the spectrum of
4U 0142 in the 1.4-11 um wavelength range can be described
by an absorbed PL model, f, < v~ %, with a slope = 1 and
extinction Ay~ 3.9. This spectrum corresponds to observed
and dereddened fluxes Fi4 1) um = 242X 107'* and

studied in detail in many previous works (see, e.g., Rea et al. Flred, um = 47 X 107" ergem > s~ !, and “isotropic lumin-
2007; Gonzalez et al. 2010; Enoto et al. 2011; Tendulkar et al. 0sity” Lig—11 ym = drdF e, m = 7.3 % 103'd3¢ erg s~ ',
2015). It has been shown in these works that the soft part of the where ds¢=d/3.6kpc. This IR luminosity is close to the
X-ray spectrum, E < 10 keV, requires two spectral components magnetar’s spin-down power, Lj 411 m = 0.61Ed 2 butit is

to get an acceptable fit, while a third component (namely a hard
PL) is required if energies =10 keV are included in the fit. We
jointly fit the Swift and NuSTAR spectrum of 4U 0142461 to
determine whether or not the hard PL tail connects smoothly to
the IR spectrum, and thus may be produced by the same
particle population. To fit these spectra, we use an empirical
absorbed BB+PL+PL model (hereafter model 1), multiplied
by a constant (frozen to 1 for Swift-XRT), to account for any
cross-calibration differences between Swift and NuSTAR
FPMA/B (i.e., const X tbabs X (bbodyrad+pow
+pow) in XSPEC). We also fit an empirical BB+BB+PL
(hereafter model 2) also multiplied by a constant (i.e.,
const X tbabs X (bbodyrad+bbodyrad+pow)), as

10 https: //www.swift.ac.uk /user_objects/

much lower than the quiescent X-ray luminosity, Ly 4_1y ym/
Los gokev~6 x 107> or 2.8 x 10~ for the BB+PL+PL and
BB-+BB+PL X-ray spectral models, respectively.

In this section, we compare the JWST results with the results
of previous IR-optical observations and discuss the multi-
wavelength spectrum of the magnetar and the nature of its IR-
optical emission.

3.1. Comparison with the Spitzer Results

Wang et al. (2006) reported on a Spitzer IRAC observation
of 4U 01424-61, taken on 2005 January 17. However, Wang &
Kaspi (2008) reanalyzed these data and reported more accurate
spectral fluxes (based on PSF fitting photometry instead of
aperture photometry) of f,, =32.1 £ 1.2 and 48.8 £ 7.6 uJy at
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Figure 3. Left: the observed Swift-XRT and NuSTAR X-ray spectra and best-fit BB4-PL+PL model (model 1). The best-fit parameters are shown in Table 1. The
residuals are shown in the bottom panel. Right: the same as left panel but for the unfolded vf, spectra. The model components are shown as dashed lines.
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Figure 4. Comparison of the dereddened (with Ay = 3.9) JWST measurements and model spectra with the results from Wang et al. (2006). The JWST MIRI LRS
spectrum is plotted in blue, and the NIRCam points are plotted in red. The 2005 Spitzer IRAC fluxes (Wang & Kaspi 2008; see Section 3.1) and MIPS upper limit
(Wang et al. 2008) are shown in yellow and green, respectively. The brown points show NIR (J, H, K) and optical (/, R, V, B) photometry collected by Wang et al.
(2006) from previous publications. Note that the points from Wang et al. (2006) and Spitzer were dereddened with Ay = 3.5, but this difference causes only a small
shift downward in the JWST points, and the large gap between the F140M and NIR points still remains. The black dashed line is the best PL fit (o« = 0.963, Ay = 3.9)

to the MIRI LRS spectrum. The solid black line shows the model adopted by Wang et al. (2006), which is the sum of the spectrum of a disk (cyan) with 7 o r

377,

Rin =29 R, Roue =9.7 R, and a PL with a = —0.3 (violet). The MIRI LRS and NIRCam points strongly disagree with this model.

4.5 and 8 um, respectively. Spitzer also observed the source
four times after it underwent an X-ray outburst on 2007
February 7. The IRAC observations spanned 2007 February
14-21 and measured average spectral fluxes of f, =32.1 2.0
and 59.8 £8.5 wplJy at 4.5 and 8 um, respectively (Wang &
Kaspi 2008), which are consistent with the observation from
2005. These points agree well with the JWST NIRCam
photometry and MIRI spectrum, obtained almost 18 yr later,
with the largest offset between all of the Spitzer IRAC
photometry and our PL fit being only about 1.5¢ for the 4.5 pm
flux measured from the 2005 observation (see Figures 4, 5,
and 6).

Spitzer also observed the source with the IRS on 2006
January 22. The analysis of these data was reported by

Wang et al. (2008), who discuss the possible detection of a
silicate emission feature at 9.7 ym. Unfortunately, the Spitzer
IRS spectrum is too noisy for a meaningful comparison with
the MIRI LRS spectrum. However, we found no evidence of
the 9.7 um emission feature in the LRS spectrum.

From the Spitzer observation with the MIPS on 2006
February 19, about a year after the Spitzer IRAC observations,
Wang et al. (2008) reported a 30 upper limit of 38 plJy at
24 pm. Posselt et al. (2011) reanalyzed this MIPS observation
and found a possible source at the position of 4U 0142461 in
two independent, reprocessed Astronomical Observation
Requests (or AORs), with a flux of 41 pJy, but it was only a
20 significance detection. We use the latter measurement for
this paper, since the analysis was performed using an updated
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Figure 5. Plot of the dereddened (top) and observed (bottom) broadband SED of 4U 0142+-61. The points in the top panel were dereddened with the best-fit Ay, = 3.9
from the absorbed PL model. The extrapolated best-fit absorbed PL model from the fit to the MIRI LRS spectrum is shown as a black line. Note that the Spitzer IRAC
fluxes shown here are the averages from the 2007 observations reported by Wang & Kaspi (2008), whereas those shown in Figure 4 were taken from the 2005
observation reported in Wang & Kaspi (2008), and thus are slightly different. The IR-optical photometry is taken from multiple publications (see Section 3.2). The
black squares connected by a thin gray line in the K band show the minimum and maximum Kg-band fluxes reported by Durant & van Kerkwijk (2006). The right-

facing triangles show the HST points from Chrimes et al. (2022).

Spitzer data-reduction pipeline, and because it is close to the 3o
upper limit derived by Wang et al. (2008)."" This upper limit
(or possible detection) from the MIPS observation strongly
disagrees with the PL fit from the JWST data (see Figure 4).
We find that a spectral break of about Aa~ 1.5 (or Aa >~ 1.0,
assuming a 60 ulJy upper limit) would be necessary to be
consistent with the MIPS upper limit, assuming the break
occurs at the long-wavelength end of the MIRI LRS
spectrum (i.e., at 11 gm).

' Note that the 30 upper limit from Posselt et al. (2011) would be about
60 wly.

3.2. Previous Optical-NIR Observations

There have been numerous optical and NIR observations of
4U 0142461 (e.g., Hulleman et al. 2000, 2004; Dhillon et al.
2005; Morii et al. 2005; Durant & van Kerkwijk 2006; Mufioz-
Darias et al. 2016; Chrimes et al. 2022). Wang et al. (2006)
used published results from Hulleman et al. (2004) and Israel
et al. (2004), which included four optical (B, V, R, I) and three
NIR (J, H, K;) points (see Figure 4). We also have gathered
results using different observations from those used in Wang
et al. (2006), and plot them in Figure 5 (to avoid overcrowding
the plots due to many data points measured in similar bands),
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Figure 6. Top: discrepancies between the Spitzer IRAC, Gemini NIRI, HST/WFC3, and GTC/OSIRIS observations of 4U 0142461 and the best-fit absorbed PL fit
to the JWST MIRI LRS spectrum, in units of o. All points are shown as black triangles, with the exception of the HST points, which are shown as right-facing
triangles. The error bars shown correspond to +10. Note that the Spitzer IRAC fluxes used here are the averages from the 2007 observations reported by Wang &
Kaspi (2008). Bottom: the data-to-model ratio for the same data as shown in the top panel.

together with the best PL fit of the JWST data. In Figure 5, the
2007 Spitzer IRAC fluxes from Wang & Kaspi (2008) are
plotted. The J, H, and K| points, shown by filled triangles, were
taken from the Gemini observations of 2004 November 2,
reported by Durant & van Kerkwijk (2006). We added two
square points that span the minimum and maximum K-band
values reported by Durant & van Kerkwijk (2006). The F125W
and F160W fluxes, in bands centered at 1.25 and 1.6 ym, were
obtained by Chrimes et al. (2022) from HST/WFC3 IR
observations of 2018 January 1, and the optical Gran
Telescopio Canarias (GTC)/OSIRIS fluxes in the Sloan Digital
Sky Survey z, r, i, and g bands (which were all observed on the
same night) were adopted from the 2013 observations reported
by Mufioz-Darias et al. (2016). We chose these data sets as they
consist of observations across several filters that were obtained
in the same observing run (i.e., nearly simultaneous for each
individual data set).

As shown in Figures 4 and 5, the results of these different
observing campaigns exhibit offsets of different sizes from the
PL fit to the MIRI LRS data. Notably, the points in Figure 4
show a strong discrepancy with the high-frequency extension
of the LRS PL fit, as well as with the results of more recent
NIR-optical observations. However, the strong discrepancies
between the NIR data and LRS PL model still remain even in
the more recent observations. The discrepancies, defined as
Ay = (data-model)/o between the broadband data points from
Figure 5 and the PL fit to the LRS spectrum, are shown in
Figure 6.

The largest discrepancy between the model and photometry
(=~150-250) occurs in the HST bands, primarily due to the
small uncertainties on the HST points. The second largest
discrepancy occurs in the K; band, where the model
overpredicts the K flux by a factor of about 1.7 (or ~110).
Additionally, the H- and J-band points lie below the model but

are less discrepant than the K -band point (at about 100 and 50,
respectively). The two HST points, which lie above the nearby
J- and H-band points, are still about a factor of 1.2 smaller than
the flux predicted by the best-fit model to the LRS data.
Surprisingly, the NIRCam points agree remarkably well with
the best-fit PL model, even though these points were not
included when fitting the model. One of these points lies a bit
redward of the K;-band point, while the other is between the H
and J bands. JWST is supposed to have an absolute flux
calibration that is much better than 10% (typically better than
2%), making calibration an unlikely cause for the discrepancies
(Gordon et al. 2022). The optical points from Mufioz-Darias
et al. (2016) also agree well with the extrapolated PL spectrum
(as does their best-fit spectral index, o = 0.8 £ 0.5, albeit with
large uncertainties), but these points are the most reliant on the
best-fit Ay, which has changed throughout the various
calibration updates (see Section 2.2.2). We discuss potential
causes for these discrepancies, such as variability and/or
different emission sites for the IR and optical emission, in the
following subsections.

3.3. Variability

Since the IR-optical observations of the magnetar were taken
at different epochs, an obvious explanation for the dis-
crepancies between the MIRI LRS spectrum (and NIRCam
photometry) and previous broadband photometry is source
variability (see Figure 6). Originally, Hulleman et al. (2004)
reported variability at NIR wavelengths, particularly in the K
band, but noted that the source did not appear to be variable at
optical wavelengths. K-band variability of greater than 1
magnitude, over a timescale of a few days, was reported by
Durant & van Kerkwijk (2006). These authors also found that
the source was possibly variable at optical wavelengths, by
about half a magnitude in the / band. On the other hand,
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Mufioz-Darias et al. (2016) reported a lack of variability in the
optical z, i, r, and g bands, but they did not comment on the
possibility of NIR variability. Chrimes et al. (2022) found that
the NIR HST fluxes were consistent with the source being
variable when compared to the NIR results of Hulleman et al.
(2004) and Durant & van Kerkwijk (2006). Additionally, using
AKARI observations, Kohmura et al. (2013) found a 64%
lower flux at 4 ym compared to the Spitzer 4.5 pym flux and
suggested that this discrepancy was due to variability.

There is also the MIPS 24 pm upper limit, which is about a
factor of 3 lower than the expected flux extrapolated from the
best PL fit to the MIRI data. The factor of 3 discrepancy in flux
is consistent with the extent of the variability reported by
Durant & van Kerkwijk (2006) in the NIR (demonstrated in
Figure 5 for the K band). Therefore, we cannot exclude the
possibility that the MIR and NIR fluxes vary by about a factor
of 3, giving rise to the observed discrepancies. However, the
good agreement of the Spitzer IRAC fluxes, from both Wang
et al. (2006) and Wang & Kaspi (2008), with the JWST LRS
+NIRCam spectrum, observed 17+ yr later, as well as the lack
of (or small-scale) variability observed at optical wavelengths
challenge this scenario. Additionally, Table 1 in Wang & Kaspi
(2008) shows that the IRAC flux of 4U 0142461 did not vary
over the week-long observing campaign.

It could also be the case that the IR and optical emission are
produced by different mechanisms and/or at different sites near
the magnetar, leading to variability in the IR that is not
observed in the optical. However, there is a fair agreement
between the optical observations and extrapolated best-fit PL
model, suggesting that both emission components are produced
by the same mechanism. Thus, the question of the origin and
true extent of the possibly wavelength-dependent variability
remains open.

3.4. Possible Contribution from a Fallback Disk

Another explanation of the possibly different IR and optical
spectra of 4U 0142+61 is the presence of a fallback disk whose
contribution to the observed emission may be different in
different wavelength ranges. The discovery of optical
pulsations (Kern & Martin 2002; Dhillon et al. 2005), with a
pulsed fraction of about 25%-30%, significantly higher than
~4% in X-rays, has led to the perception that the optical
emission comes from the magnetar’s magnetosphere. If true, it
means that the hypothetical fallback disk would be more easily
detected in the IR. Wang et al. (2006) noticed that the
previously reported V, R, and I fluxes are consistent with a PL.
model with a = —0.3, at an assumed Ay = 3.5. They used this
PL in combination with a disk model to fit the IR+-optical data
(see Figure 4). That model assumes that the optically thick disk
is heated by the X-ray emission from the magnetar, the disk’s
local effective temperature decreases with radial distance from
the magnetar as T r—3/7, and each point on the disk surface
emits BB radiation with this temperature. Wang et al. (2006)
found that the best-fit disk model had inner and outer disk
temperatures T;, = 1200 K and T,, =715 K, and inner and
outer disk radii r;, =2.9 R and 7o, = 9.7 R, respectively, at
d=3.6kpc and cosi = 0.5, where i is the disk inclination.
Because of the small difference between the inner and outer
temperatures, the disk spectrum resembles a BB spectrum with
a temperature of 920 K.

We reproduced the spectrum from Wang et al. (2006) using a
simple disk spectrum model given by Equation (1). Figure 4
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shows the model disk+PL spectrum together with the results of
the optical /IR photometry (adopted from Wang et al. 2006
with updated IRAC fluxes from Wang et al. 2008) and the
JWST data. It is immediately apparent that the JWST data are
strongly inconsistent with this model. The MIRI spectrum does
not have the anticipated curvature, and it overshoots the model
at the long-wavelength end. Additionally, the NIRCam F140M
point greatly exceeds the anticipated model flux. Moreover, the
most recent optical points from Mufioz-Darias et al. (2016) do
not follow a PL with a = —0.3, at least for the best-fit A, = 3.9
found from the PL fit of the MIRI LRS data, as we see from
Figure 5.

Although the PL+disk model used by Wang et al. (2006) is
inconsistent with the JWST data, it does not mean that another
disk model, perhaps in combination with a PL component,
cannot describe the IR or IR+optical data. For instance, in the
approximation of a multitemperature BB flat disk, the flux
density spectrum is

27 cosi 2hv? from rdr
F

. 1
d>  ? Jrn, explw/kT(r)] — 1 M

5=

If the radial dependence of the local effective temperature of a
disk obeys a PL, T'(r) = T;,(r/rin) ? = Tou(r/row) . then
the disk spectrum is close to a PL with a slope « =2/8—3,
i.e.,

£ 328 at (2/8 — DkTyy < hv < kL. (2)

Thus, the spectrum of a disk with a sufficiently large ratio of
the inner and outer temperatures, Ti,/Tou > 2/6— 1 (ie., the
large ratio of the outer and inner radii, rou/rin > 2/5 — 1)1/ ,
has a broad PL part. If we assume that the JWST PL spectrum
is due to such a disk, then 8=2/(a + 3) = 0.505 for o = 0.96
(or 3=0.5 for a=1).

In a self-consistent disk model, the radial dependence of
temperature should be derived from a balance between heating
and emitted energies. In original models for a passive
protostellar flat disk, illuminated by a central star, the
dependence T ox r > /4 was derived, which corresponds to
a=—1/3 (see Adams et al. 1987, and references therein).
However, most protostellar disks exhibit flattish SEDs in the IR
range, with a~0.25-1 (e.g., Beckwith et al. 1990), which
corresponds to 3= 0.5-0.6, similar to the slope we found for
40U 0142+61. The difference between the observed and model
temperature dependencies is likely due to some unrealistic
assumptions in the original models. In particular, realistic disks
should be flared rather than flat, and the local emission spectra
are not BBs because the temperature of an irradiated passive
disk should decrease inward (toward the disk midplane), and
the disks become optically thin at large wavelengths (Chiang &
Goldreich 1997). Therefore, the spectrum given by Equation (1)
may be a crude (albeit useful) approximation.

The entire spectrum of an optically thick, multitemperature
disk has three distinct regions. For the flat-disk spectrum given
by Equation (1), these are a Rayleigh—Jeans tail at hv < kT,
where f,oc?, a PL part given by Equation (2), and a
high-frequency tail resembling a Wien spectrum, f,
v?exp(—hv/kT,) at hv>> (2/8 — DkT;,. One could assume
that the high-frequency part might correspond to the cutoff of
the optical spectrum between the V and B bands (Hulleman
et al. 2004), as seen in Figure 4. However, such an inter-
pretation requires a rather high temperature T, ~ 7000 K,
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Figure 7. Broadband SED extending from IR to hard X-rays plotted with X-ray spectral model 1 (M1, left) and model 2 (M2, right; see Table 1). The broadband
photometry is the same as plotted in Figure 5. The black lines show the best-fit absorbed PL. model (with uncertainties on the slope) to the MIRI LRS spectrum. The
blue stripe shows the X-ray energy covered by Swift-XRT and NuSTAR. The model components on the left (right) are from the best-fit unabsorbed BB+PL1+PL2
(BB1+BB2+PL) model (i.e., models 1 and 2, respectively) to the X-ray data and are shown in red, orange, and green, respectively. The black dashed lines in both
panels show the sum of the unabsorbed model components. This plot clearly shows that the hard X-ray PL component of the spectrum cannot continuously extend into

the IR without a large spectral break for either model 1 or model 2.

which is well above the dust sublimation temperature for grains
of any chemical composition (see, e.g., Koch-Miramond et al.
2002; Temple et al. 2021). This means that it would be a
gaseous disk. Eks1 & Alpar (2003) argue that the Spitzer NIR
data, together with the data from preceding NIR-optical
observations, can be interpreted as emission of a gaseous
fallback disk with temperatures T}, ~ 6500 K and T, ~ 360 K,
and radii Ry, ~7 x 10” cm and Roy ~ 1.9 x 10'? cm. The 7(r)
dependence provided in their Table 1 can be approximated by a
PL, T(r) F 03 1, which leads to the spectral slope o =0.92,
virtually coinciding with our measurement. Ertan & Cheng
(2004) and Eks1 & Alpar (2003) discuss how such a disk could
be formed and how its emission could be strongly pulsed.

Looking at Figure 5, one might assume that the high-
frequency cutoff of the disk spectrum corresponds to the K
band, which would not require such high values of Tj,.
However, such an assumption does not look plausible because
the K band is in between the simultaneously observed NIRCam
2.5 and 1.4 ym points that lie on the extrapolation of the LRS
spectrum toward the NIR. Although it is somewhat suspicious
that all the K-band measurements are below the LRS spectrum,
it is likely due to a chance coincidence.

One of the appealing features of the disk interpretation of the
(N\)IR spectrum is that it could successfully capture the MIPS
upper limit. Therefore, we also attempted to fit the disk model
given by Equation (1) to the MIRI LRS spectrum, including the
20 MIPS upper limit. We find, however, that this disk model is
not able to account for the MIPS upper limit while also
matching the slope of the LRS spectrum, particularly the points
at wavelengths longer than 8 yum. Specifically, the rollover
from the Rayleigh—Jeans tail to the flat part of the disk
spectrum is not sharp enough to capture the longer-wavelength
portion of the LRS spectrum, so it undershoots the LRS data.
Additionally, the slope of the flat part of this disk model is too
soft and underpredicts the NIRCam points. If the MIPS point is
ignored in the fit, then the best-fit disk model can successfully
capture the MIRI LRS and NIRCam data, but it overpredicts
the MIPS upper limit by a factor of ~2-3.

It is important to note, however, that at long wavelengths the
disk may become optically thin, so its flux at a given A
becomes smaller by a factor of 1 — exp(—7y), where the disk’s

10

optical thickness 7 decreases with increasing wavelength (e.g.,
Draine & Lee 1984). Therefore, we cannot exclude the
possibility that a fallback disk with Ti,/Tou > 15 (hence,
Fout/Tin 2, 200) significantly contributes to at least the IR
spectrum of 4U 0142+61.

Overall, variability of nonthermal (magnetospheric) emission
seems to be a more natural explanation of the MIPS upper-limit
discrepancy with the MIRI4+NIRCam PL spectrum. However,
the true cause of this discrepancy and the origin of 4U 0142
+61’s IR-optical emission can hardly be firmly established
without nearly simultaneous observation with JWST and HST.

3.5. Comparison between IR and X-Ray Spectra

As we show in Section 2.2.2, the NIRCam and MIRI LRS
data in the A =1.4—-11 pm band are well fit by an absorbed PL
model with av >~ 0.96. Since PL spectra are typical for emission
of relativistic particles, this might suggest that the observed IR
spectrum comes from the magnetosphere of 4U 0142461 and
can be connected with a nonthermal component of the X-ray
spectrum, particularly with the hard X-ray component, as
suggested by Mufioz-Darias et al. (2016). However, the slopes
of the IR and hard X-ray spectra are quite different, i.e., they
cannot be connected without a large spectral break, Ao~ 1.6
or Aa~ 1.1 for models 1 and 2, respectively (see Figure 7).
This suggests that even if the IR originates from the
magnetosphere, the IR and hard X-ray emissions either come
from two separate particle populations or are produced by
different emission mechanisms. Future NIRCam timing
observations can help to solidify the location of these IR/
NIR-emitting particles, the emission mechanism, and, depend-
ing on the IR spectrum at longer wavelengths, the strength of
IR/NIR pulsations. Additionally, measuring the phase shifts
between the (N)IR and X-ray emission could help to determine
the relative locations of the emission sites.

4. Summary and Conclusions

JWST MIRI and NIRCam observations of the brightest
magnetar 4U 0142461, supplemented by Swift-XRT and
NuSTAR observations in X-rays, have shown the following:
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1. The spectrum extracted from the MIRI LRS data in the
5-11 pm wavelength range can be described with an
absorbed PL model with a spectral slope a=0.963 £
0.015, extinction Ay, = 3.9 £ 0.2, and normalization f, =
59.4£0.5 ply at A=8 pm.

2. The NIRCam F140M and F250M photometric data
points, with flux densities f, =5.1 £0.3 (Jy and 14.5 +
0.4 pJy at 1.4 and 2.5 pum, respectively, agree very well
(within 1o) with the extrapolation of this absorbed PL
model.

3. Although the results of Spitzer IRAC photometry at 4.5
and 8 um, presented by Wang et al. (2006; and
reanalyzed by Wang & Kaspi 2008), agree with the
JWST spectrum, the PL4-disk model, suggested by
Wang et al. (2006), strongly disagrees with the JWST
results.

4. The extrapolated absorbed PL model also agrees
reasonably well with the optical data from Mufoz-
Darias et al. (2016). However, there is still strong
disagreement with older NIR-optical observations,
particularly in the NIR bands, and with the Spitzer
MIPS 24 pm upper limit.

5. We favor variability as the explanation for these
discrepancies, but we cannot exclude the possibility that
a contribution from a fallback disk plays a role, at least in
the IR part of the spectrum. The origin of the IR-optical
emission of 4U 0142461 can be tested with nearly
simultaneous deep JWST and HST observations across a
number of bands in the broad IR-optical range.
Monitoring of the source with large ground-based
telescopes with simultaneous multiband imaging cap-
abilities, such as HIPERCAM (Dhillon et al. 2021), could
also help constrain the variability of the source.

6. We find that the MIR-NIR spectrum requires a large
spectral break (A« > 1) to be consistent with the hard PL
observed in X-rays, suggesting that the IR and hard X-ray
emission are likely being emitted from two different
particle populations.

Future approved JWST timing observations of 4U 0142+61
will allow us to constrain its pulsed fraction in the IR, help to
further elucidate the nature of the IR emission, and help to

Hare et al.

determine its relationship, if any, to the NIR /optical and X-ray
emission.
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Appendix
Measuring the NIRCam Flux Densities

The F250M and F140M images, shown in Figure 8, exhibit
strong 1/f noise patterns (see Schlawin et al. 2020, for
additional details). We use the approach of many “empty
background apertures” (e.g., Skelton et al. 2014; Abramkin
et al. 2022). By placing our 55 (30) overlapping background
apertures in the same 1/f noise bands as the source aperture for
F250M (F140M), we obtained error estimates of the net source
counts, N,. The uncertainty of these net counts, oy, consists of
contributions from the net counts themselves (estimated as a
Poisson error) and the background noise contribution (the

Figure 8. The NIRCam F250M (left) and F140M (right) images of the magnetar. North is up, east to the left. The 1/f noise pattern is clearly visible in both images.
For F250M (F140M), we use 55 (30) white background apertures with the same size as the source aperture in the “empty aperture” approach; see text.
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Figure 9. Aperture measurements in the NIRCam F250M and F140M filters with total, net, and background counts (N,, N, and N;) as indicated. The background
apertures always have the same size as the source apertures. Considering the 1/fnoise seen in Figure 8, and (corrected) flux uncertainties, 0731 and 0”2 are chosen as

the optimal apertures for F250M and F140M, respectively.

Table 2
Pulsar NIRCam Photometry Using Many Background Apertures
Band Apiv 6A B, g fexp Fap @ N, N N, + oy, N, I
(o) () (uJy s/cnt) (e” /cnt) (s) (arcsec) (cnt) (cnt) (cnt) (1dy)
F140M 1.404 0.142 0.121 2.05 1159 0.2 0.847 4744 30 595 £ 231 4150 £ 236 51403
F250M 2.503 0.181 0.152 1.82 1159 0.31 0.857 7898 55 —1602 + 241 9501 + 251 145+04

Notes. )i, and 6 are the pivot wavelength and bandwidth of the filter, 7, is the filter’s inverse sensitivity, g is the gain, #.y, is the exposure time, ¢ is the encircled
count fraction in the source aperture with radius r,,, N, indicates the total (source plus background) counts in the source aperture, A, is the number of background
apertures considered, N, and o, are the median and variance of these N, background measurements, N, = (N, — Np) + oy, lists the net (source) number of counts,

and f, = PuNy(¢ fexp) ! is the spectral flux density at the pivot wavelength.

variance 012%):
oy, = (o, + No/)'/,

where g is the gain, which converts the image counts (ADU)
into detected electrons (see Table 2).'2

We choose the same size of source and background
apertures. The source aperture is centered on the position
obtained from a 2D Gaussian fit in the image. Figure 9 shows
the measured total counts, median background counts, and net
counts as functions of aperture radius. Aiming to minimize the
noise-to-count ratio and considering the size of the 1/f noise
band, we choose 0”31 (or 5 pixels) and 0720 (or 6.5 pixels) as
optimal aperture radii for the F250M and F140M images,
respectively. Applying the respective (linearly interpolated)
encircled energy fractions (versions ETCv2) and the image unit
conversion, we calculated the aperture-corrected net source
counts and flux densities f,, (see Table 2).13 Note that for both
filters the uncertainties are mostly due to the nonuniform 1/f
background, i.e., oy, = oy,.
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