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Abstract

Observations with the Australia Telescope Compact Array revealed intrahour variations in the radio source
PKS B1322-110. As part of an optical follow-up, we obtained Gemini Ha and Ha continuum (HaC) images of the
PKS B1322-110 field. A robust 190 detection of PKS B1322-110 in the Ha—HaC image prompted us to obtain
the first optical spectrum of PKS B1322-110. With the Gemini spectrum we determine that PKS B1322-110 is a
flat-spectrum radio quasar at a redshift of z = 3.007 4 0.002. The apparent flux detected in the Ha filter is likely
to originate from He II emission redshifted precisely on the Galactic Ha narrowband filter. We set upper limits on
the emission measure of the Galactic plasma, for various possible cloud geometries.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Radio loud quasars (1349); Radio transient

sources (2008)

1. Introduction

Intra-day variability (IDV) of radio quasars was recognized
30 years ago (Heeschen et al. 1987), and became a topic of
intense interest a decade later with the discovery of intra-hour
variations (IHVs) in PKS 0405-385 by Kedziora-Chudczer
et al. (1997). The combination of large amplitude and short
timescale seen in that source strongly favored scintillation as
the cause, albeit manifesting in a novel form. Following the
discovery of additional IHV sources (J1819+43845 and PKS
1257-326; Dennett-Thorpe & de Bruyn 2000; Bignall et al.
2003), IHV was shown to be scintillation due to strongly
scattering plasma clouds in the solar neighborhood (Dennett-
Thorpe & de Bruyn 2002, 2003; Bignall et al. 2003, 2006).

The rarity of the IHV phenomenon was thus explained by the
small probability for a line of sight to intersect such a cloud, and
the more common IDV phenomenon is understood as being due
to similar, but more distant plasma clouds—with the smaller
amplitude and longer timescale of IDV both attributable to the
smoothing effect of the radio source size. These studies brought
focus onto the clouds of dense plasma that are responsible for
scattering the radio waves: What is their nature? In what physical
context do they arise? And how are they energized?

Although it now seems likely that the plasma responsible for
IDV and IHV is circumstellar, the material is located at such
large distances from the host stars—with impact parameters of
order 1 pc—that stellar winds cannot explain the observed
levels of radio-wave scattering (Walker et al. 2017). Thus the
nature of the plasma clouds remains a mystery.

To date almost all of the information we have about the
scattering plasma has come from studies of radio-wave propaga-
tion—either studies of IHV/IDV, or else studies of radio pulsars
that seem to be revealing the same population of plasma clouds
(Stinebring et al. 2001; Cordes et al. 2006; Walker et al. 2004,
2008; Brisken et al. 2010; Tuntsov et al. 2013). Even during

drastic changes in radio flux density, optical observations show
constant flux in those sources undergoing IHV/IDVs (e.g.,
Bannister et al. 2016).

If we could observe the intervening plasma directly, via its
own thermal emission, then we could expect some immediate
insights to follow from, e.g., density and temperature
diagnostics in the emission line ratios, and from the size and
morphology of the image of the cloud in any spectral line.
These are attractive possibilities, but they present a substantial
observational challenge for the following reasons.

First, the plasma clouds appear to be of small spatial extent,
with sizes of some tens of au suggested by the observed
transience of the IHV in J1819+4-3845 (de Bruyn & Macquart
2015). Second, although the plasma is dense compared to the
diffuse interstellar medium (ISM), the available estimates of n, ~
10-30 cm—3 (Rickett 2011; Tuntsov et al. 2013) correspond to
emission measures nfL < 0.1 pccm™®, if L ~ 30 au for exam-
ple, and imply Hor intensities <0.2 R (Reynolds 2004).®

The expected emission measures are at or below the surface
brightness limit that was achieved by the Wisconsin H-Alpha
Mapper (WHAM) survey of Ha emission (Reynolds 2004).
WHAM data have relatively low angular resolution (approxi-
mately 1°), whereas we require arcsecond resolution.

Here we report our attempt to detect Ha emission from the
plasma responsible for the new IHV source PKS B1322-110
using Gemini. Australia Telescope Compact Array observa-
tions recently demonstrated that PKS B1322-110 shows intra-
day variability in its flux density between 4.3 and 11 GHz
(Bignall et al. 2019). PKS B1322-110 is located at an angular
distance of ~8' from Spica (« Virginis), the 16th brightest star
in the sky.

8 We measure line intensities in Rayleigh: 1 R = 10°/47 photons cm ™2

s hsr !,
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Table 1
Observation Log

Program ID Date Filter

GS-2017A-Q-96 2017 Jun 28 Ho None
GS-2017A-Q-96 2017 Jul 1 HaC None
GS-2018A-FT-106 2018 Apr 9 None B600
GS-2018A-FT-106 2018 Apr 13 None R831
GS-2018A-FT-106 2018 Apr 20  None R831

Grating  Exposure Time (s)

8500 (10 x 850)
4250 (5 x 850)
2400 (3 x 800)
800 (1 x 800)
2400 (3 x 800)

2. Gemini Observations and Data Reduction
2.1. Imaging

Observations of PKS B1322-110 were carried out with the
Gemini Multiobject Spectrograph (GMOS) in imaging and
spectroscopic mode from Gemini South.

Using GMOS, deep Ha and Ha continuum (HaC) images
centered on PKS B1322-110 were obtained. Details are given
in Table 1. .

The Ha filter has its maximum throughput at 6560 A, the
rest-frame wavelength of Ho emission. For the Ha filter the
wavelength interval is 6540-6610 A (width at half-maximum).
The HaC filter is centered at 6620 A with a transmission
interval of 6590-6650 A.

The imaging data were obtained on UT 2017 May 28 (Ha,
cirrus, 0.51 mag transmission variation peak-to-valley) and UT
2017 August 1 (Ho continuum, clear sky). On both nights the
sky conditions were dark (Gemini SB50 sky brightness
quantile). The seeing in the coadded images is 1714 (He)
and 1722 (Ho continuum).

The data were reduced using the THELI data reduction
pipeline (Erben et al. 2005; Schirmer 2013). Standard bias and
flat-field correction were applied. The presence of the bright
star Spica (« Virginis, V = 0.98 mag) just 8 north of our target
required us to model and subtract the sky background of the
individual dithered exposures. This was done following
THELTI’s standard recipes for data processing (Schirmer 2013).

A common astrometric solution was obtained for both filters
using SCAMP (Bertin 2006). SCAMP computes astrometric and
photometric solutions for any FITS image in an automated
way. The individual exposures were registered against the Gaia
DR1 astrometric reference catalog. After distortion correction,
the images were registered within 1/15 of a pixel with respect
to each other. The Ha and the HaC images were processed
simultaneously omitting their filter information. This allows
SCAMP to determine the mean relative throughput difference of
the two filters based on stellar magnitudes in the field. The
ansatz for our method is that the difference of the two filters
should yield a null flux for stars. By following this procedure,
the fluxes of the on-band (Ha)) and off-band (HaC) images
were already calibrated, and deriving their difference image is a
straightforward subtraction.

2.2. Spectrophotometric Calibration

In the absence of observations of a spectrophotometric
standard star, a flux calibration of the narrowband images was
performed as follows. First, we integrate the effective Ha and
Ha continuum transmission curves including detector quantum
efficiency, and find that both narrowband filters transmit a
factor 20.3 less than the GMOS r-band filter. We upscaled the
two coadded images by that factor, and compared the r-band
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aperture magnitudes in these images with the PanSTARRS-
DR1 r magnitudes of the same field.

2.3. Spectroscopy

GMOS spectra of PKS B1322-110 were obtained with two
gratings: B600 and R831. The B600 grating has a blaze
wavelength of 4610 A Likewise, the R831 grating has a blaze
wavelength of 7570 A. This observing configuration is adopted
in order to have a wide spectral coverage with a high signal-to-
noise ratio from ~3500 to ~8000 A, as shown in the final
spectrum in Figure 2.

Spectroscopic data were reduced by applying a sequence of
standard PYRAF tasks available through the Gemini package.
The data reduction procedure used here has been described in
detail in Madrid & Donzelli (2013). The spectra of the
spectrophotometric standard star EG274 are used to flux
calibrate the science spectra.

3. Results

The narrowband images, Ha and Ha continuum, are
presented in Figure 1. The Ha narrowband filter is centered
on the rest-frame wavelength of Ha (6560 A). The Ha
continuum filter is adjacent to the He filter and is designed
to allow for the removal of the underlying continuum. By
obtaining images with these two filters and computing their
difference (Ha—HaC) one can detect sources with excess Ha
emission.

Both the Ha and Ha continuum images show dozens of
sources in the field, most of these sources are galaxies or stars;
see Figure 1. On the other hand, the difference image (Ha—
HaC) has only one clear source on the entire central part of the
frame, also shown in Figure 1.

The clear detection of excess flux in the Hea filter (190)
coincident with PKS B1322-110 was compelling and prompted
us to request additional time on Gemini South in order to obtain
a spectrum of PKS B1322-110. Also, until now, the nature and
redshift of PKS B1322-110 have remained unknown.

The calibrated GMOS spectrum of PKS B1322-110
obtained during the spectroscopic campaign is presented in
Figure 2. This spectrum shows a prominent Ly« line and the
associated Ly« forest. The Ly and C IV emission lines are also
prominent. Using the above emission lines, jointly with other
prominent lines like O T and N Vv, we determine that the redshift
of PKS B1322-110 is z = 3.007 4 0.002. The optical spec-
trum of PKS B1322-110 is characteristic of a quasar; see for
instance the composite quasar spectra templates from the SDSS
(Vanden Berk et al. 2001). Considering its radio properties
(Griffith et al. 1994) PKS B1322-110 can be classified as a flat-
spectrum radio quasar.

Given that the redshift of PKS B1322-110 is now deter-
mined to be z = 3.007, the presence of an excess flux at
6560 A, the rest-frame wavelength of Ha, is likely due to the
redshifted emission of the HeII line. He Il is an emission line
with a rest-frame wavelength of 1640 A that is commonly
found on quasar spectra (e.g., Wilkes 1986; Jakobsen et al.
2003). The observed emission of the He II line at the redshift of
PKS B1322-110 is Agps = 1640 x (1 + z) = 6560 A, fall-
ing exactly on the passband of the Galactic Ha narrowband
filter.

At a redshift of z = 3.007, PKS B1322-110 is at the high
end of the redshift distribution of scintillating radio sources.
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Figure 1. Gemini Ha (left) and HaC (center) images. The subtraction of the Ha continuum from the Ha image (Ha—HaC) is shown in the right panel. The residual
image (Ha—HaC) has been smoothed with a Gaussian kernel of five pixels for display purposes. All images are centered on PKS B1322-110, and show an area of
150 x 150 arcsec. PKS B1322-110 is the only source that shows a clear excess of Ha flux on the section of the residual image shown above.
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Figure 2. GMOS spectrum of PKS B1322-110. This spectrum shows the combined, calibrated data obtained with both gratings, i.e., B600 and R831. The letter T
denotes prominent telluric absorption lines that are present, as expected, at wavelengths larger than 6700 A. The inset zooms on the section of the spectrum at the
wavelength of Galactic Ha. In this inset, the transmission curves for the Ha (blue line) and Ha continuum (green line) filters are overplotted. At the redshift of z = 3.0
the He II line falls precisely in the passband of the Galactic He filter. The spectrum is displayed at the observed wavelength.

Indeed, Lovell et al. (2008) found that radio sources that show
interstellar scintillation drop steeply beyond redshift ~2.

4. Line-emission Constraints
4.1. An Upper Limit for the Ho Flux

The Gemini spectrum of PKS 1322-110, displayed in
Figures 2 and 3, lacks any conspicuous narrow-line emission
at the wavelength of Galactic Ho, where emission from the
plasma responsible for radio scintillations might be expected.
Using the Gemini spectrum we derive an upper limit for the Ho
flux hypothetically emanating from the intervening plasma that
might be blended with the active galactic nucleus (AGN).
These upper limits are derived by measuring the variation in
the spectrum from one resolution element to the next. The
resolution element corresponds to three pixels, that is, 2.2 A or

102 km s~ at the Ha wavelength (approximately 6563 A in
air). The standard deviation of the spectrum is ~3.4 x
10-8ergcm=2s~' A", This value is measured within 10 A
to either side of Ha in the spectrum running-averaged to the
resolution of 2.2 A. Integrating over the line, we conclude that
the 30 upper limit to the Ha flux of plasma that might be
blended with the AGN is 2.3 x 1077 erg cm=2 s~ !,

We note that the value of the standard deviation given above
is larger than our estimate of the noise in the spectrum, which is
~1.5 x 107 8ergem 25! A" This difference presumably
reflects intrinsic structure in the AGN spectrum.

4.2. Spatial Extent of the Intervening Plasma

The limit on the emission measure of the plasma depends on
its assumed spatial extent. As the scintillations of PKS B1322-
110 have been sustained for at least 2 years (Bignall et al. 2019),
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Figure 3. Zoom-in of the AGN (solid) and sky background (dashed) spectra of
PKS 1322-110 within 20 A adjacent to the Galactic Ho position; the horizontal
dotted line shows our estimate of the sky continuum level. Line identifications
are given for the night sky background, based on Osterbrock et al. (1996) and
Hanuschik (2003).

the proper motion of the scattering plasma sets a lower limit
on the size of the cloud responsible for the scintillations.
Assuming the plasma is comoving with Spica—which is
consistent with the measured annual cycle of PKS B1322-110
(Bignall et al. 2019)—this lower limit is =100 milliarcseconds
(mas) in one direction on the sky.

In the case of a plasma cloud that is at least 100 mas by
100 mas and its brightness upper limit is 410 R. To convert
brightness to emission measure we assume Case B recombination
at T = 10* K, giving a conversion factor of 0.361 R cm® pc~!
(Table 14.2 of Draine 2011). The emission measure upper limit is
then 1.1 x 103 cm =% pc.

The foregoing calculation applies to a compact plasma cloud
whose emission is blended with that of the background quasar.
We searched for extended emission by modeling the long-slit
data obtained by Gemini as a sum of a compact source
(convolved with a point-spread function along the slit) and a
sky background that is flat along the slit. We remove the model
from the observed data and analyze the residual. No extended
emission can be seen at the wavelength of Hae down to the level
~1.9 x 1077 erg cm~2s~' A ' arcsec™2. For emission wider
than the slit this corresponds to the intensity density 3o limit
of IORA integrating over the spectral resolution element,
one obtains the intensity limit of 22 R equivalent to EM ~
62 cm~®pc under the stated equilibrium conditions. This
estimate assumes a unit surface filling fraction maintained on
arcsecond spatial scales.

A third scenario for the spatial extent of the intervening plasma
is that it is uniform and extended over the entire length of the slit.
In this case, any plasma emission would have been subtracted
with the sky modeling and could not be seen in the residuals.
The sky spectrum does display a line at the wavelength of Hey,
which integrates to 17 R above the estimated continuum level
of 24R A", At the spectral resolution of ~2 A we cannot
distinguish Galactic Ho emission from that of the night sky and
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therefore can only set an upper limit on the intensity of the
intervening plasma emission at 17 R, which corresponds to
the emission measure of 47 cm~% pc—again assuming a unit
surface filling fraction, this time sustained over a scale of a few
arcminutes.

5. Conclusion

Gemini narrowband imaging resulted in an apparent Ha
detection toward the fast scintillator PKS B1322-110, and we
therefore undertook follow-up spectroscopy with Gemini. The
spectroscopy demonstrated that Galactic Ho emission was not
responsible for the signal that we observed in our images. In
part the signal we observed in our imaging data is due to He II
emission in the quasar redshifted to the wavelength of Galactic
Ha. We have determined limits on the possible Ha surface
brightness of the intervening Galactic plasma cloud, depending
on its size. However, even in the case of a very extended cloud
the corresponding limits on emission measure are well above
the values expected from modeling the scintillations of other
radio sources.
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agreement with the NSF on behalf of the Gemini partnership:
the National Science Foundation (United States), the National
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Ciéncia, Tecnologia e Inovacdo (Brazil) and Ministerio de
Ciencia, Tecnologia e Innovacién Productiva (Argentina).
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