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ABSTRACT

Observations of the frequencies of different rotational transitions of the methanol molecule
have provided the most sensitive probe to date for changes in the proton-to-electron mass
ratio, u, over space and time. Using methanol absorption detected in the gravitational lens
system PKS B1830—211, changes in w over the last 7.5 billion years have been constrained
to |Au/u| < 1.1 x 1077, Molecular absorption systems at cosmological distances present the
best opportunity for constraining or measuring changes in the fundamental constants of physics
over time; however, we are now at the stage where potential differences in the morphology of the
absorbing systems and the background source, combined with their temporal evolution, provide
the major source of uncertainty in some systems. Here, we present the first milliarcsecond
resolution observations of the molecular absorption system towards PKS B1830—211. We
have imaged the absorption from the 12.2-GHz transition of methanol (which is redshifted to
6.45 GHz) towards the southwestern component and show that it is possibly offset from the peak
of the continuum emission and partially resolved on milliarcsecond scales. Future observations
of other methanol transitions with similar angular resolution offer the best prospects for
reducing systematic errors in investigations of possible changes in the proton-to-electron mass
ratio on cosmological scales.
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1 INTRODUCTION

The search for changes in fundamental constants is an important
area of study in modern physics, providing a test for current phys-
ical theories. Fundamental constants, and dimensionless combina-
tions of these constants such as the proton-to-electron mass ratio,
w=m,/m, = 1836.1526739,' are values that cannot be explained
or computed by the theories themselves. The currently accepted
theory of particle physics, the standard model, does not predict
variations in these constants over time or space. Modern theories
about the mechanism behind dark energy, however, differ in their
predictions about such variations. The theory that dark energy can
be explained by the cosmological constant, introduced in the theory
of general relativity, predicts no changes in constants over time and
space, but an alternative rolling scalar field theory predicts that con-
stants such as ¢ change with time (Thompson 2012). More accurate
measurements that are sensitive to potential changes in fundamental
constants over space or time will therefore allow useful tests and
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constraints on these theories. A comprehensive review of the topic
is given by Uzan (2011).

1, the fine structure constant @ = 47;0 ;—i and the nuclear g-factor
g are common dimensionless combinations of fundamental con-
stants that are being investigated for spatial and temporal changes.
A change in one or more of these constants can be detected through
a comparison of the rest frequencies, v, of atomic and molecular
transitions over time and space. The dependence of a particular
transition frequency on changes can be expressed using the rela-
tionship:

Av Ao Ap Ag
7:Ku7+K/17+Kgi (1)
v o u g
where K,, K,, and K, are sensitivity coefficients, describing how
sensitive an individual transition is to variations in the correspond-
ing dimensionless constant. So by observing certain atomic and
molecular transitions that are sensitive to these constants in dif-
ferent regions of space or time, we can detect changes, or lack
thereof, in the fundamental constants (provided the transitions com-
pared have different sensitivities). Transitions with large differences
in their sensitivity coefficients provide the best probe into vari-
ations in these constants, with a small change in the fundamental
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constant causing a frequency difference that is more easily able to be
detected. Pure rotational, vibrational or electronic transitions have
K,=-1, % and 0, respectively (Varshalovich & Levshakov 1993).
In contrast, some observed transitions of the methanol molecule
have been found to have very high sensitivity coefficients, of up to
K, = —42 (Jansen et al. 2011).

The 2y — 3_, E transition of methanol that has a rest frequency of
12.178 GHz is the second strongest methanol maser transition from
star formation regions and has a sensitivity coefficient K, = —33
(Jansen et al. 2011; Levshakov, Kozlov & Reimers 2011). It is also
commonly observed to show absorption from cold molecular clouds
(e.g. Peng & Whiteoak 1992). The combination of high sensitivity
coefficients and relatively high abundance in astrophysical environ-
ments makes methanol a good target species to search for a variation
in ¢ over cosmological time-scales.

Observations of methanol at cosmological distances provide a
probe that is highly sensitive to possible changes in ;. However, so
far the absorbing galaxy towards PKS B1830—211 is the only region
in the distant Universe where methanol transitions have been de-
tected (Mulleretal. 2011; Ellingsen etal. 2012). PKS B1830—211 is
a gravitational lens system (Jauncey et al. 1991), containing a blazar
at a redshift of z = 2.507 (Lidman et al. 1999), a primary lensing
galaxy at a redshift of z = 0.88582 (Wiklind & Combes 1996)
and potentially a second galaxy along the same line of sight at
z=0.19 (Lovell et al. 1996). The lensing galaxy is a nearly face-on
type Sb or Sc spiral, which at z = 0.88582 corresponds to a look-
back time of ~7.5 Gyr (adopting a standard A-cosmology with
Hop=67kms~! Mpc™!, Q, =0.315 and 2, = 0.685; Planck Col-
laboration XVI 2014). The blazar is radio-loud and time variable,
with a steep spectrum jet and an optically thick core component.
It is gravitationally lensed by the primary lensing galaxy, to be
seen as two main ‘hotspots’, or source components. The jet of the
PKS B1830—211 quasar forms a full Einstein ring in the radio, but
the ring is only prominent at low frequencies (<10 GHz; Jauncey
etal. 1991).

The two main lensed images of the source component of the
blazar are separated by ~1 arcsec on the sky, with the northeastern
component stronger than the southwestern component by a factor of
1.52 (Lovell et al. 1998). PKS B1830—211 is one of the best-known
targets for studying molecular gas in absorption at intermediate
redshift, with more than 40 molecular species detected in the lensing
galaxy (e.g. Muller et al. 2014). Molecular absorption is mostly seen
towards the southwestern component. This is likely to be due to the
relative placements of the sources and the lensing galaxy, with the
southwestern component located behind a spiral arm of the lensing
galaxy, at a distance of roughly 2 kpc from the galactic centre,
whilst the northeastern source is ~4 kpc from the centre (Muller
et al. 2006).

The redshift of the absorbing system towards PKS B1830—211
is such that the absorption lines are shifted in frequency to ap-
proximately half of the rest frequency of the transition, which is
used to identify them; for example, the 12.2-GHz transition that
is of interest to this study is observed redshifted to ~6.45 GHz.
Ellingsen et al. (2012) compared the 12.2- and 60.5-GHz (1 —
2_1E) methanol transitions in PKS B1830—211 to obtain a con-
straint of Ap/p = (0.8 £2.1) x 1077 or A/ < 6.3 x 1077 (30).
Bagdonaite et al. (2013b) used the same transitions and also the
48.372 and 48.377-GHz methanol transitions (19 — OyE and 1y —
0pA™, respectively) to obtain a tighter constraint of Au/p = (0.0
+ 1.0) x 1077. Bagdonaite et al. (2013a) compared 10 methanol
transitions from 12.2 to 492.3 GHz, which resulted in A/ = (1.5
+ 1.5) x 1077, In the most stringent of constraints, Kanekar
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et al. (2015) obtained Au/u < 1.1 x 1077(20) by analysing the
12.2-, 48.372-, 48.377- and 60.5-GHz transitions. However, the
12.2-GHz data were likely to have been affected by systematic er-
rors, thus Kanekar et al. (2015) also completed an analysis with just
the high-frequency transitions to obtain a constraint of Au/p <
4 x 1077(20°) over a lookback time of ~7.5 Gyr.

Ellingsen, Voronkov & Breen (2011) discuss the major sources
of uncertainty that limit the ability of astrophysical observations
of methanol to measure (or constrain) changes in . Spatial seg-
regation of molecular species can mimic or hide any true changes
in . The excitation conditions differ for each of the transitions,
hence at some level the gas responsible for the absorption of each
transition will not be identical and hence will not be entirely co-
spatial. The observed Doppler shift of the transition is produced
by both turbulence within, and bulk motion of the absorbing gas
and must be accounted for in comparing the rest frequencies of
the observed transitions. One advantage of using different transi-
tions of a single molecule to look for changes in p is that spatial
segregation effects will be much less than when making compar-
isons between different molecules. However, even for methanol
the E and A type rotational transitions essentially correspond to
two different species, which can have abundances that differ by
up to 40 per cent, depending on the conditions under which the
methanol molecules form (Sobolev, Cragg & Godfrey 1997). For
PKS B1830—211 Bagdonaite et al. (2013a) found no systematic
differences between absorption from six different E-type and four
different A-type methanol transitions, observed with a number of
different telescopes covering a frequency range from 6 to 260 GHz
(in the observer frame). On this basis, they ruled out any spatial seg-
regation between the E and A species methanol in PKS B1830—-211
and conclude that data from both species should be included in the
analysis. This contrasts with a previous analysis by the same au-
thors based on four different methanol transitions which, based on
the line widths and quality of fit measure, concluded that the two E
and A species were spatially segregated (Bagdonaite et al. 2013b).
Despite these contrasting approaches, it is clear that to minimize
potential systematic uncertainties, comparison between methanol
transitions of the same rotational type and similar upper excitation
levels is preferable.

For gravitational lensed systems such as PKS B1830—211, there
are a number of additional systematics that have to be consid-
ered. Although gravitational lensing is achromatic, the structure
of the background quasar being lensed does vary with both fre-
quency and time. The quasar jet has a steep spectral index and in
PKS B1830—211 it is this that causes an Einstein ring to be present
only at lower frequencies (Subrahmanyan et al. 1990). In addition,
the location at which the core (the base of the jet) becomes optically
thin is frequency dependent (so-called core-shift) and this means
that different frequencies trace slightly different paths through the
lensing galaxy. For PKS B1830—211 this has been measured at
millimetre wavelengths (Marti-Vidal et al. 2013) and from this we
expect core-shifts of the order of tens of microarcseconds at cen-
timetre wavelengths, corresponding to linear scales in the lensing
galaxy of around 0.1 pc. An issue specific to PKS B1830—211 is
that the southwestern source has frequency-dependent size, which
may cause transitions at different frequencies to trace different
paths through the absorbing gas (Kanekar et al. 2015). For instance,
Kanekar et al. (2015) found that the sightline of the 12.2-GHz tran-
sition was likely to be different from that of the higher frequency
transitions that it was being compared to. At millimetre wavelengths
the absorption in PKS B1830—211 is observed to vary with time due
to variability in the structure of the background quasar (e.g. Muller
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& Guélin 2008). This means that to minimize systematic errors,
observations of different transitions should be taken on time-scales
less than the time-scale of intrinsic variability in the background
quasar (of order a month). Temporal variability in the background
quasar will also affect centimetre wavelength transitions; however,
the impact can be reduced by observing at very high angular reso-
lution because although the intensity of the most compact emission
(the core) may change, its location (and hence line of sight through
the lensing galaxy) will not. An additional advantage of observing
at very high angular resolution is that the location of the absorp-
tion compared to the continuum emission can be measured, giving
a direct indication of the magnitude of the difference in the line
of sight. These systematic sources of uncertainty all need to be
considered (and where possible minimized) when using different
methanol transitions to search for possible changes in p.

Here, we report observations of PKS B1830—211 with milliarc-
second angular resolution at 6.45 GHz. As outlined above, by ob-
taining high angular resolution data at multiple frequencies at which
methanol absorption is observed, the precise locations of absorption
features can be used to measure any spatial segregation of different
frequency transitions. This can also give information on the effects
of the frequency-dependent structure of the source on the path taken
through the absorbing gas.

2 OBSERVATIONS AND DATA REDUCTION

The observations were made using the Long Baseline Array (LBA)
on 2013 August 14 (project code V492). The array for these obser-
vations included the Australia Telescope Compact Array (ATCA),
Parkes and Mopra antennas operated by the Australia Telescope
National Facility and the Hobart and Ceduna telescopes operated
by the University of Tasmania. The baseline lengths for this array
range from 113 km (ATCA-Mopra) to 1702 km (Hobart-Ceduna).

We used the LBA Data Acquisition System (DAS) to record dual
circular polarizations for 2 x 16 MHz bandwidths with lower-band
edge frequencies of 6.434 and 6.450 GHz. The data were corre-
lated with the DiFX correlator (Deller et al. 2011) with 1024 spec-
tral channels for each polarization across the 16 MHz bandwidth
(i.e. 15.625 kHz per spectral channel width). The observed fre-
quency range covers the sky frequencies of the 12.2-GHz methanol
transition in the northeastern and southwestern components of
PKS B1830—211, which are redshifted at z = 0.89 to frequencies
of approximately 6.45 GHz. For the 12.2 GHz methanol transition
in the rest frame of the absorbing system, this corresponds to a
velocity coverage spanning 1485 km s~! from —895 to 590 km s/,
with a channel resolution of 0.73 km s~ and velocity resolution for
uniform weighting of the lag function of 0.88 km s~!. Throughout
this paper, Doppler-shifted velocities are specified with respect to
the barycentric reference frame for an object at redshift z = 0.88582
(the best estimate of the redshift for the systematic emission from
the lensing galaxy). When comparing our results with those of pa-
pers that give velocities with respect to the local standard of rest
(LSR) (e.g. Bagdonaite et al. 2013b) subtract 12.432 km s~' from
the LSR velocities to convert them to the barycentric frame for
PKS B1830—-211.

The primary target for the observations was PKS B1830—211,
which was observed along with the calibrator sources 3C 273 and
PKS B1921—-293 over an observation period of approximately 11 h.
The pointing centre for PKS B1830—211 was o = 18"33™39:886;
8§ = —21°03'4045 (J2000) (Subrahmanyan et al. 1990), which
is the location of the southwestern component and this was also
the phase centre used for correlation. The total time onsource for
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PKS B1830—211 was approximately 9 h and the resulting noise
level for the continuum image is 0.7 mJy beam™' (after self-
calibration). Calibrator sources were observed for fringe finding,
delay and bandpass calibration purposes. The absolute flux density
scale is estimated to be accurate to 20 per cent.

The basic data processing was completed using the Astronom-
ical Image Processing System (aIps) package, following standard
procedures for the reduction of spectral line very long baseline in-
terferometry (VLBI) observations. First, data over time intervals
where the antennas were not onsource were flagged and excluded
from the analysis. The amplitudes of the data were then corrected
for sampling bias using autocorrelation measurements, a correction
that was smoothed with a mean boxcar of width 30 min before
being applied to the data. The data were then corrected for feed ro-
tation effects by making parallactic angle corrections. Gain factors
for each antenna (the square root of the nominal system equivalent
flux density) were set in order to give approximately correct flux
densities for the sources.

In order to calibrate the instrumental delays, a manual phase-
calibration fringe fit was run using 2 min of data selected from
calibrator source PKS B1921-293, solving for the group delay and
phase without solving for fringe rates. The reference antenna used
was the ATCA. The phase of the data still varied with frequency, so
a further fringe fit was run on the target source PKS B1830—211
over the entire observation interval, with a solution interval of 2 min.
The ATCA was again used as the reference antenna. The phases,
rates and single-band delays from this fringe fit were smoothed with
a median window filter with a width of 5 min. Bandpass calibration
was undertaken using PKS B1921-293. The velocity information
for PKS B1830—211 was set, with a barycentric velocity system
using the optical velocity definition, with line rest frequency of
12.178 597 GHz (Miiller, Menten & Mader 2004). Then the data
were Doppler corrected so that the mapping of velocity to spectral
channels was constant throughout the observations, compensating
for the rotation of the antennas with the Earth around the Sun during
the observation period. The data were then amplitude calibrated
using the measured system equivalent flux density for each antenna.
The data were exported from arps, applying the calibration and
excluding edge channels.

The pirmap program (Shepherd, Pearson & Taylor 1994) was
used for imaging of the data and self-calibration. After several
iterations of self-calibration of the data using a model of the
source based on the clean components from initial imaging, a
final image of the source was constructed. A square map of size
2.9 x 2.9 arcsec (8192 x 8192 pixels with 0.35 x 0.35 milliarcsec
cell size) was created, centred on the approximate mid-point
between the two lensed images. The final continuum image has
a synthesized beam size of 5.88 x 3.97 milliarcsec at a position
angle of —1024 and an RMS noise level of approximately 0.7 mJy
beam~'. There is no significant time or bandwidth smearing in the
image, due to the relatively high time resolution (5 s samples) and
spectral resolution (15.625 kHz) of the imaged data.

3 RESULTS

We used the continuum data to create images of the northeastern
and southwestern components of PKS B1830—211 and these are
shown in Fig. 1. We recover a flux density of 3.73 Jy at 6.45 GHz
for this epoch (approximately 90 per cent of the total flux density
of the source at the epoch of observation). Comparing these im-
ages with previous VLBI observations (e.g. Guirado et al. 1999),
we can see that the general morphology of both the northeastern
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Figure 1. Continuum images of the northeastern (left) and southwestern (right) components of PKS B1830—211 obtained at 6.45 GHz. The restoring beam is
5.88 x 3.97 mas with the major axis along position angle —10°4 and is shown in the bottom-left corner of each panel. The contours for both panels are at —1
and 1 per cent, along with each multiple of 5 up to 95 per cent of the map peak brightness, which is 1.114 Jy beam™! (the peak of the northeastern component).

The RMS noise in these images is 0.7 mJy beam™!.

and southwestern components is similar to that seen at 2.3 and
8.4 GHz. To facilitate a more quantitative comparison with the re-
sults of Guirado et al. (1999), we fitted the strongest component
in the northeastern and southwestern components with an elliptical
Gaussian. To estimate the uncertainties in the fitted parameters, we
took the best-fitting model and adjusted a parameter (while holding
all others constant), and calculate the reduced chi-squared between
the data and perturbed model. We take the difference between the
best-fitting parameter value and that for which the reduced chi-
squared increases by a factor of 2, as our estimate of the uncertainty
in each parameter. We measured the size of the minor axis of the el-
liptical Gaussian (which is less affected by source structure than the
major axis) to be 2.9 & 1.2 mas for the northeastern component and
2.0 & 1.2 mas for the southwestern component. These are in good
agreement with the predicted size at 6.45 GHz (fig. 3 of Guirado
et al. 1999) of approximately 2.6 and 2.0 mas for the northeastern
and southwestern components, respectively. We also measured the
offset between the peak of the northeastern and southwestern com-
ponent and find at 6.45 GHz that it is 971.2 £ 0.7 mas at a position
angle of 48°6 &+ 0?1, in very good agreement with the 8.4-GHz
measurements of Guirado et al. (1999).

The 12.2-GHz methanol absorption in the southwestern com-
ponent of PKS B1830—211 is expected to be at a sky frequency
of 6.45781 GHz for the epoch of the observations (correspond-
ing to a velocity in the rest frame of the absorbing system of
—5.0 £ 1.3 km s~ !; Ellingsen et al. 2012). Ellingsen et al. (2012)
found that the full width at half-maximum (FWHM) of the ab-
sorption is 17.0 & 2.9 km s~! for the southwestern component
(approximately 20 spectral channels for these data).

In order to further investigate the expected absorption features, a
continuum model determined using the data from spectral channels
over which no absorption is expected was made and then subtracted
from the data. This model was made by following an identical
procedure to that taken to obtain the VLBI images in pIFMAP, but
excluding the approximately 50 spectral channels where we expect
absorption (which corresponds to only a few per cent of the useful
bandwidth of the data). Then this model was set as the continuum
model using DIFMAP’S sefcont task. Previous observations suggest
that the methanol absorption will be at the level of a few to 10 mJy
beam~!, which will not be detected with high signal to noise in
images constructed with a single spectral channel. To improve the
signal to noise of any absorption signal, while maintaining modest
velocity resolution, we chose to average the data from nine consec-
utive spectral channels (velocity width 6.6 km s~!). We then imaged
the northeastern and southwestern components with the continuum
subtracted data, using the nine spectral channels centred on the peak
of the two absorption components. We also imaged two other nine
channel ranges in which no absorption is expected, for compari-
son. We detected absorption at the expected velocity towards the
southwestern component, but not in any of the other images. Some
of the other images do show large positive and negative features;
however, none are projected against the continuum emission. The
relatively poor quality of the continuum subtracted images is pri-
marily due to the limited dynamic range of the final image cube,
which we discuss in more detail below. To test the robustness of
the detection of absorption towards the southwestern component,
we made additional images covering two ranges of nine spectral
channels each, on either side of the centre of the absorption peak
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Figure 2. The grey-scale image shows the southwestern component of
the continuum subtracted data from the spectral channels centred on the
expected southwestern absorption, with a channel range with width equal to
the expected FWHM of the absorption (~17 km s ! or 23 spectral channels).
The absorption has depth 23.2 mJy beam™', with RMS noise in the image
of 1.4 mJy beam™!. The red contours show the absorption in steps of 15,
30, 45 and 60 per cent of the peak absorption, and the light grey contours
are the positive contours from the continuum subtracted data at the same
percentage levels. The black contours show the continuum emission from
the southwestern continuum component with levels every 10 per cent of the
peak between 10 and 90 per cent. The black ellipse in the bottom-left corner
represents the synthesized beam.

(i.e. each of the two ranges contained four or five channels from
the original data and four or five channels further from the centre
of the absorption peak). This same absorption feature was detected
clearly in both data sets at the same location, providing further ev-
idence that we are indeed detecting the methanol absorption from
the southwestern source component. Any absorption towards the
northeastern component has a depth of less than 5 mJy beam™!.

To obtain the best possible image of the southwestern absorp-
tion from the current data, we then constructed an image from
the continuum subtracted data averaged over the ~ 17 km s~!
(23 spectral channels) centred on the frequency of the southwest-
ern absorption component. This corresponds to the FWHM of the
absorption observed with the Australia Telescope Compact Array
at this frequency (Ellingsen et al. 2012). Fig. 2 shows an image of
the absorption towards the southwestern component superimposed
on the continuum emission. The peak of the absorption (~—23 mJy
beam™!) is a factor of 17 greater than the RMS noise level in the
image (1.4 mJy beam™') and is projected against the continuum
emission. The peak of the absorption is located to the south-east
of the peak of the continuum emission, at & = 18"33™39:886 08;
8§ = —21°03'4074517 (J2000). The peak of the continuum emission
is measured to be at « = 18"33™39:88600; § = —21°03'4074500
(J2000), the phase centre, as expected for self-calibrated data. For
the adopted cosmology, 1 arcsec corresponds to a linear scale of
8.04 kpc, so the angular offset of 2.0 milliarcsec between the peaks
in the continuum and absorption (approximately 40 per cent of the
synthesized beam width) corresponds to a linear offset of approxi-
mately 16 pc. Taking slices through the major and minor axes of the
absorption image, we estimate a size of 6.3 x 4.2 mas at a position
angle of 80°, slightly larger than the synthesized beam. We also
fitted an elliptical Gaussian and a point source model to the absorp-
tion and found that although the elliptical Gaussian gives a lower
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reduced chi-squared for the fit, it is only marginally better than for
a point source. The limited signal to noise in the absorption image
means that although there is some evidence that the absorption is
partly resolved, we cannot be certain of this from the image alone.

To test the robustness of the observed offset of the maximum
absorption from the peak of the continuum emission, we produced
continuum images with similar properties to the absorption data
set. The first test we undertook was to take the final clean model
of the continuum data set and subtract 98 per cent of each clean
component from the uv-data. The result is a data set with 2 per cent
of the original continuum emission, which is equivalent to the peak
absorption depth observed and has similar noise characteristics.
We then selected 23 consecutive spectral channels and imaged the
emission, using the same procedure as applied to the absorption
imaging, and measured the location of the peak of the southwestern
continuum component. This process was repeated a further 24 times
(25 iterations in total) and the RMS offset of the southwestern con-
tinuum peak from the position determined from the best continuum
image was measured to be 0.71 mas. As a second test, we created
an additional uv-data set with 2 per cent of the total continuum flux
density. Rather than reducing all clean components by the same
fraction, we selected a clean component at random, reduced its am-
plitude by a random amount that varied between 1 and 3 per cent
and repeated this process until the total flux density summed over
all clean components was 98 per cent of the original total flux den-
sity. This model was then subtracted from the uv-data resulting in
a data set with 2 per cent of the original continuum emission. We
then repeated the first test by imaging 25 different combinations
of 23 consecutive spectral channels and determining the location
of the peak of the continuum emission for the southwestern com-
ponent. The RMS offset measured for this second test was 0.77
mas. If we take the average of these two tests as representative of
the uncertainty in the position measured in the absorption image
(0.74 mas), then the absorption is offset from the continuum peak
by 2.70. Since the strength of the absorption depends on the gas
column density in the lensing galaxy along the line of sight to the
southwestern (or northeastern) component and this is expected to
have structure on scales of 1-10 pc (corresponding to angular scales
of 0.1-1 mas), it is more likely than not that the strongest absorption
will be offset from the strongest emission. Our relative astrometric
uncertainty does not allow us to definitively demonstrate this, but it
is consistent with there being an offset.

We were not able to produce vector-averaged spectra of the self-
calibrated image cube data in DIFMAP, so we exported the data set
to MIRIAD for further analysis. The final data reduction of the (u,
v) data prior to continuum subtraction involved two passes. For
each pass, the data were phase-shifted so that first the northeastern
component and then the southwestern continuum component were
at the phase centre. In each case, simple vector averaging (MIRIAD
task UVsPEC) gives a good estimate of the spectrum towards the new
map centre, as measured on each baseline. Working on the uv-plane
in this way eliminates effects due to convolving the data on to a
uv grid, Fourier inversion to the map plane, and deconvolving the
effect of the resulting dirty beam. The spectrum for each baseline
of the array was averaged over time, and then the spectra from all
baselines were averaged. Fig. 3 shows a vector-averaged spectrum
with 1 km s~ spectral channels constructed using data from all
baselines and with the phase-centre set to the location of the south-
western continuum peak. Fitting a Gaussian to the absorption, we
find an optical depth r = 0.017 &£ 0.003 at a barycentric velocity of
—6.1 & 0.7 km s~!, the velocity expected for absorption from the
southwestern methanol component. The FWHM of the absorption
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Figure 3. The absorption spectrum in the southwestern component from the
LBA data using the data from all baselines, with 1 km s~! spectral channels.
The plot shows the barycentric velocity of the 12.2- GHz methanol transition
with respect to z = 0.88582 versus the normalized flux density. The dashed
line is a Gaussian fit to the absorption that has a peak optical depth T =
0.017, with an FWHM of 8.4 km s~! centred at a barycentric velocity of
—6.1kms™!

component is 8.4 & 1.6 km s~!. The continuum emission of the
southwestern component is 1.11 Jy at this frequency, so an opti-
cal depth of 0.017 corresponds to 19 & 3 mlJy, which is consistent
with the absorption detected in the continuum subtracted image data
(Fig. 2).

4 DISCUSSION

Our observations of the 12.2-GHz methanol absorption towards
the southwestern component of PKS B1830—211 with an angular
resolution of around 5 milliarcsec are significantly higher resolu-
tion than any previous observations of the molecular absorption in
this source. For the adopted cosmology (Hy = 67 km s~! Mpc~!,
Qn=0.315and 2, = 0.685) this angular resolution corresponds to
alinear scale of 40 pc at z = 0.88582 (Wright 2006), approximately
the same scale size as an individual giant molecular cloud (Blitz &
Shu 1980). Previous observations of the methanol absorption with
angular resolutions of the order of arcsec to arcmin show absorption
with a maximum at the same velocity, but lower optical depth and
greater line width (Ellingsen et al. 2012; Bagdonaite et al. 2013a,b;
Kanekar et al. 2015). The highest signal-to-noise spectrum of the
12.2-GHz methanol absorption was obtained with the Very Large
Array (VLA) by Kanekar et al. (2015), who found it to have an
optical depth of approximately 0.0026 and an FWHM greater than
13.4 km s~'. The VLA observations have an angular resolution of
around 1 arcsec and do not resolve the northeastern and southwest-
ern components of PKS B1830—211, nor the Einstein ring observed
at frequencies less than 10 GHz (Jauncey et al. 1991). Kanekar et al.
(2015) find a weak absorption wing at positive velocities in their
spectrum, which is not seen in the higher frequency methanol tran-
sitions they observed. From this they infer the presence of multiple
absorbing components in the 12.2 GHz spectrum, some of which
are not present in the other transitions.

Ellingsen et al. (2012) marginally detected 12.2-GHz absorption
ata velocity of —125 km s~!, which they claimed may be absorption
towards the northeastern component of PKS B1830—211. The 12.2-
GHz absorption spectrum shown by Kanekar et al. (2015) does not
cover this velocity range and the highest signal-to-noise spectrum
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of the 12.2-GHz absorption presented in Bagdonaite et al. (2013b)
(obtained with the Effelsberg 100-m) does not show this component.
The current observations also do not detect any absorption from
the northeastern component at levels comparable to the marginal
detection of Ellingsen et al. (2012), which suggests that it is likely
not real.

Our observations with angular resolutions of order a few milliarc-
seconds are able to resolve individual giant molecular clouds in the
lensing galaxy of the PKS B1830—211 system. The most compre-
hensive study of 12.2-GHz methanol absorption in the Milky Way
is that of Peng & Whiteoak (1992), who observed with the Parkes
telescope with 2.1 arcmin angular resolution, which corresponds
to approximately a factor of 50 higher linear resolution than we
achieve for PKS B1830—211. They found a median linewidth of
4.2 km s~!, although in a number of cases linewidths in excess
of 10 km s~! were observed for sources well outside the Galactic
Centre region. So the 12.2-GHz methanol absorption detected in
PKS B1830—211 at milliarcsecond resolution likely arises from
one or two molecular cores in the lensing galaxy.

The optical depth of the 12.2-GHz absorption on milliarcsec-
ond scales is an order of magnitude greater than that observed at
angular resolutions of an arcsecond and larger and is comparable
to that observed in the higher frequency transitions (Bagdonaite
et al. 2013a; Kanekar et al. 2015). The width of the absorption we
detect is approximately 30 per cent narrower than that seen in any
previous observations of this transition. There are five observations
of the 2() — 3_; E transition of methanol towards PKS B1830—211
reported in the published literature, with data collected between
2011 November and 2013 May (Ellingsen et al. 2012; Bagdonaite
etal. 2013a,b; Kanekar et al. 2015). The width of the absorption line
measured from these observations varies between 12 and 20 km s~
and the velocity of the line centre between —5 and 0 km s~! (in
the barycentric reference frame for z = 0.88582). Variability in
the profile of absorption lines observed towards PKS B1830—211
can potentially arise either through changes in the morphology of
the background quasar, or from the relative motion of molecular
clouds in the lensing galaxy. Significant variability in absorption
line profiles for PKS B1830—211 has previously been observed in
anumber of other transitions (e.g. Muller & Guélin 2008), predom-
inantly in lower excitation lines at millimetre wavelengths such as
HCO™ and CS. For some of the millimetre wavelength lines, there
is good evidence that the molecular emission completely covers
the southwestern continuum source (e.g. Muller et al. 2014) and
where significant changes in the absorption profile are observed
the evidence suggests that it is predominantly due to variability in
the background quasar (e.g. Schulz et al. 2015), which is signif-
icant on short time-scales at millimetre wavelengths (Marti-Vidal
et al. 2013). The 2y — 3_;E methanol transition shows much nar-
rower and weaker absorption, indicating optically thin absorption
and a much lower covering factor. The lower frequency of this tran-
sition means that the emission from the background quasar covers
a larger angular scale and shows less rapid variability than that at
higher frequencies. These two factors mean that changes in the ab-
sorption profile of the 12.2 GHz methanol transition are expected
to be both smaller and slower than those that are observed for mil-
limetre wavelength transitions. The current observations measure an
FWHM for the 2) — 3_|E line of 8.4 £ 1.6 km s™', suggesting that
some of the absorption is resolved at milliarcsecond scales. Without
contemporaneous observations at lower angular resolution for com-
parison, we cannot demonstrate conclusively that we are resolving
some of the absorption, however, given that observations with the
Efflesberg 100-m telescope 3 months prior to our LBA observations
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measured a line width of 19.9 & 4.5 km s~!, it is highly likely that
we are.

The angular size of the southwestern core component in
PKS B1830—211 is known to vary with frequency (Guirado
et al. 1999); however, the increased similarity of the optical depth
and line profile for the 12.2-GHz transition to the higher frequency
transitions when observed at milliarcsecond resolution suggests that
it is possible to significantly reduce sources of systematic error, or
at least improve our ability to estimate them. Marti-Vidal et al.
(2013) estimate the scale of the frequency-dependent core shift
in PKS B1830—211 at the frequencies of the methanol absorp-
tion measurements to be around 0.1 mas, an order of magnitude
less than the offset we observe between the peak of the contin-
uum emission and the strongest absorption. If the angular scale
of the primary absorption system is significantly larger than 0.1
mas (which appears likely from our observations), then this reduces
the impact of core shift on uncertainty in measurements of Au/u.
Hence, combining data from the 12.2-GHz absorption system with
similar high-resolution observations of other methanol transitions
towards PKS B1830—211 will enable significant improvements in
constraints in A /. This is important, as Thompson (2012) shows
that existing constraints on Ap/u are very difficult to reconcile
theoretically with claims of observed changes in the fine structure
constant o (Webb et al. 2011). When considering observations of
absorption from two different methanol transitions, the constraint
that this provides is

Ap_ A

2
nw — AK,c @

where c is the speed of light, Av is the difference in the measured
velocity of the absorption and AK), is the difference in the sen-
sitivity coefficients. This paper reports milliarcsecond resolution
observations of the 12.2-GHz methanol transition; however, there
are relatively few other detected transitions accessible to centimetre
wavelength VLBI arrays. The 48.3-GHz transitions (redshifted to
~25.6 GHz) lie outside the frequency range covered by the Very
Long Baseline Array (VLBA), but can potentially be observed using
the LBA. These transitions have K,, = —1 (compared to —33 for the
12.2-GHz transition), so from equation (2), a 1 km s~' uncertainty
in the velocity difference of the absorption lines from these tran-
sitions corresponds to a limit in Au/p of 1 x 1077, comparable
to the best limits achieved to date (e.g. Bagdonaite et al. 2013a;
Kanekar et al. 2015). The current observations provide an estimate
of the velocity of the maximum absorption of the 12.2-GHz tran-
sition with a 1o uncertainty of around 1 km s~!. Observations of
the 12.2- and 48.3-GHz transitions with sufficient signal to noise
to measure the velocity difference of the maximum absorption with
an uncertainty less than 0.53 km s~! are required to obtain a con-
straint better than that claimed by Kanekar et al. (2015). However,
provided the observations are made sufficiently close together to
nullify temporal variation in the absorption system, then potential
systematic error sources are minimized, and it could be argued these
have been underestimated in some previous investigations using arc-
second resolution data. Furthermore, future high-resolution ALMA
observations may be able to undertake similar investigations with
marginally lower resolution (around 20 milliarcsec), but for many
more transitions and at higher signal to noise than can likely be
achieved using centimetre wavelength VLBIL

The structure of PKS B1830—211, with two compact components
of similar intensity separated by approximately 1 arcsec, presents
some significant challenges for imaging with a heterogeneous VLBI
array with relatively few elements such as the LBA. The relatively
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sparse (u, v)-coverage limits the maximum dynamic range that the
LBA can achieve in imaging the emission in such a source. This
in turn limits the accuracy of the model for continuum subtraction,
introducing large-scale baseline-dependent ripples in the spectrum
that reduces our ability to detect weak and broad absorption fea-
tures in the source. The VLBA has a large number of antennas
(10, compared to the 5 antennas in the array for these observations)
and as they are identical, calibration is generally easier than for
a hetrogeneous array. Hence observations of the 12.2-GHz transi-
tion in PKS B1830—211 with the VLBA with similar sensitivity,
should be able to achieve superior data on the absorption system.
Unfortunately, the 48.3- and 60.5-GHz methanol transitions for
PKS B1830—211 correspond to observing frequencies of approxi-
mately 25.6 and 30.2 GHz, which are outside the range of existing
receivers on the VLBA.

5 CONCLUSION

We have imaged the 12.2-GHz methanol absorption from the south-
western component of PKS B1830—211 at an angular resolution of
5 milliarcsec, corresponding to a linear scale of 40 pc in the z =
0.88582 galaxy. This is the first time that molecular absorption in
PKS B1830—211 has been imaged at resolution sufficient to par-
tially resolve it. The detection of absorption on these scales demon-
strates that it is possible to improve on the best current constraints
on A/ that have been obtained in this source by making similar
resolution observations of other methanol transitions. Observed as-
tronomical constraints on x4 and « already provide meaningful con-
straints on cosmological models and new physics (Thompson 2012),
so potential improvements in the sensitivity of A /u observations
have broad implications for a variety of branches of physics.
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