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ABSTRACT

The study of redshifted spectral lines can provide a measure of the fundamental constants over large look-back times. Current grand
unified theories predict an evolution in these constants and astronomical observations offer the only experimental measure of the
values of the constants over large timescales. Of particular interest are the dimensionless constants: the fine structure constant (),
the proton-electron mass ratio (u), and the proton g-factor (g,), since these do not require a “standard meterstick”. Here we present a
re-analysis of the 18 cm hydroxyl (OH) lines at z = 0.89, which were recently detected with the MeerKAT telescope, toward the radio
source PKS 1830-211. Utilizing the previous constraint of Au/u = (=1.8 + 1.2) x 1077, we obtain A(ag)*")/(ag)*’) < 5.7 x 107,
Aaja $23%107,and Ag,/g, S 7.9% 107>, These new constraints are consistent with no evolution over a look-back time of 7.3 Gyr
and provide another valuable data point in the putative evolution of the constants.
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1. Introduction

Cosmological variations in fundamental constants are predicted
in higher-dimensional theories that aim to unify the standard
model of particle physics and general relativity (e.g., Marciano
1984; Damour & Polyakov 1994; Li & Gott 1998). Terrestrial
measurements of fractional changes in these constants that
employ the Oklo natural fission reactor and atomic clocks
have been used to measure the fine structure constant, « (e.g.,
Damour & Dyson 1996; Rosenband et al. 2008), but they are
limited to timescales of two billion and only a few years,
respectively.

Through the finite speed of light, astronomical observations
offer the possibility of measuring the values of the fundamental
constants over much larger look-back times. Furthermore, these
can also constrain models of cosmology (e.g., Sandvik et al.
2002; Thompson et al. 2013; Thompson 2013), in addition
to constructing the equation of state of dark energy (e.g.,
Avelino et al. 2006; Nunes et al. 2009), thereby transforming our
basic understanding of physics and the Universe. Studies of the
cosmological evolution of fundamental constants are thus of
great interest (see the reviews by Uzan 2003, 2011, 2024).

The measurements of the values of the fundamental con-
stants are obtained by comparing the measured redshifts between
various spectral transitions with rest frequencies, each of which

* Corresponding author: rzsu.astro@gmail . com

has its own unique dependence on the combination of fun-
damental constants (e.g., Chengalur & Kanekar 2003; Darling
2003; Curran et al. 2004). Much of the previous work has
focused on optical and ultra-violet spectral lines toward quasi-
stellar objects (QSOs), but the results have been inconclu-
sive (e.g., Murphy et al. 2004, 2003a,b, 2008a; Srianand et al.
2004; Griest et al. 2010). However, interpretation of the data
is affected by relatively coarse spectral resolution and wave-
length calibration, of which radio/millimeter band observa-
tions are largely free. Therefore, observations in these bands
can provide more reliable measurements (e.g., Darling 2004;
Flambaum & Kozlov 2007; Murphy et al. 2008b; Kanekar 2011;
Curran et al. 2011; Kanekar et al. 2012, 2018; Bagdonaite et al.
2013; Su et al. 2025).

Like the optical-UV studies, the comparisons of differ-
ent species, such as neutral hydrogen (HI), OH, millimeter
lines, and optical-UV lines, are subject to physical veloc-
ity offsets between species, which can cause an offset in
redshifts (e.g., Tzanavaris et al. 2005, 2007). Thus, with dif-
ferent transitions, each of which has a different dependence
on the fundamental constants, OH is of particular interest
since the spectra are obtained from the same gas and they
can simultaneously measure the variations of «, u, and g,
(e.g., Darling 2004, Kanekar & Chengalur 2004). However, the
detection of redshifted OH absorption remains scarce, being
limited to five at z > 0.1, with all at z < 0.89 (e.g.,
Curran et al. 2007; Gupta et al. 2018; Zheng et al. 2020; Curran
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2021; Chandola et al. 2024, and references therein). The high-
est redshift example is in the lensing galaxy at z = 0.8858
toward the z = 2.507 quasar PKS 1830-211 (Wiklind & Combes
1996). In this absorber, atomic (HI) and various molecular (e.g.,
OH, CH;30H) species have been detected (e.g., Chengalur et al.
1999; Koopmans & de Bruyn 2005; Ellingsen etal. 2012;
Bagdonaite et al. 2013; Kanekar et al. 2015; Schulz et al. 2015;
Allison et al. 2017; Tercero et al. 2020; Guptaetal. 2021;
Combes et al. 2021; Muller et al. 2011, 2014, 2020, 2023, 2024).

Comparing different transitions from methanol (CH3OH) in
PKS 1830-211 has given the stringent constraint Au/u = (—1.8%
1.2) x 1077 (Muller et al. 2021). Using this in conjunction with
recent MeerKAT observations of the optical-thin thermalized
OH 18 cm lines and the optical-thin conjugate OH 18 cm satellite
lines (Combes et al. 2021)", we add new constraints to the cos-
mological evolution of @ and g,. Throughout this paper, we use
the ACDM cosmology with Hy = 70kms~! Mpc~!, Q,, = 0.3,
and Q, =0.7.

2. The data

The data were obtained from Combes et al. (2021). MeerKAT
wideband L- and UHF-band observations were performed
toward PKS 1830-211 in 2019 (Gupta et al. 2021) and 2020
(Combes et al. 2021), respectively, as part of the MeerKAT
Absorption Line Survey (MALS; Gupta et al. 2016). The L-band
observations clearly detected the OH 18 cm main lines and ten-
tatively detected the OH 1720 MHz line, and the UHF-band
observations detected all four lines. The OH 1612, 1665, and
1667 MHz spectra presented in Combes et al. (2021) are from
the UHF-band data and the 1720 MHz line spectrum is from a
combination of the L- and UHF-bands, weighted based on their
root-mean-square (rms) values. They have a velocity resolution
of 5.8, 5.6, 5.6, and 5.4 km s~ with a normalized rms noise of
0.00027, 0.00028, 0.00028, and 0.00020, respectively.

3. Line fitting

The line strength ratio between the 1665 and 1667 MHz (main)
lines is consistent with 5:9, which indicates thermalized OH gas,
although the 1612 MHz absorption is stronger than expected
from local thermodynamic equilibrium (LTE). This is accounted
for by conjugate OH satellite lines, which also explains the
observed OH 1720 MHz emission (Combes et al. 2021).

Combes et al. (2021) jointly fitted three Gaussian profiles to
the OH 18 cm main lines. However, one of these is very weak.
Furthermore, the possible frequency evolution of the lines was
not considered. If we consider the evolution of the fundamen-
tal constants, the frequency discrepancy between observed lines
is different from that derived from laboratory frequencies. We
therefore re-fitted the data according to the following criteria:

— We used two independent Gaussian functions to fit the OH
1667 MHz line. Under LTE, we can determine the correspond-
ing counterparts in other OH 18 cm lines. The strength and full
width at half maximum (FWHM) of these Gaussian functions
were tightened.

! In the local thermodynamic equilibrium, the relative strengths of OH
18 cm lines are 1612:1665:1667:1720 MHz = 1:5:9:1 and, where the
pumping is dominated by the intraladder 119 um transition, the OH
18 cm satellite lines will appear as stimulated absorption (1612 MHz)
and emission (1720 MHz) with the same strength, showing conjugate
behavior (e.g., Darling 2004; Kanekar et al. 2018; Combes et al. 2021).
Under the latter condition, the OH 18 cm main lines are suppressed,
exhibiting no absorption or emission.
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— To account for the possible frequency evolution between
the OH 1665 MHz and OH 1667 MHz lines, we added a
frequency offset, FO1, to the frequency of the expected OH
1665 MHz line. Similarly, we added another velocity offset,
FO2, to the frequency of the expected OH 1612 MHz line to
account for the possible frequency evolution between the OH
1612 MHz and OH 1667 MHz lines. Since, in principle, the fre-
quencies of four OH 18 cm lines have the relation vi612 + V1720 =
Viees + Vies7, With FO1 and FO2, we can determine the frequency
evolution between the OH 1720 MHz and OH 1667 MHz lines.

— To account for the extra absorption in the OH 1612 MHz
line contributed by the conjugate OH 18 cm satellite lines, we
used two additional independent Gaussian functions to fit the
OH 1612 MHz line. As expected from conjugate behavior, we
needed to fit two other Gaussian functions with reverse intensity
to the OH 1720 MHz line.

— The four OH 18 cm lines were fitted simultaneously.

Hence we had 14 free parameters in the fitting. Four Gaus-
sian functions were fitted to the OH 1612 MHz line, two were
fitted to the OH 1665 MHz line, two were fitted to the OH
1667 MHz line, and four were fitted to the OH 1720 MHz line.
The fitting gave a reduced y? of 1.17 and the residuals are con-
sistent with noise. We tried to fit the OH 1667 MHz line with
three Gaussian functions, but the fitting could not be improved.
The spectra fitting results are shown in Fig. 1 and the derived
parameters for the OH 18 cm lines are listed in Table 1, where
the frequency offsets FO1 and FO2 have been added into the cen-
ter frequencies of OH 1612, 1665, and 1720 MHz lines.

In the fitting, a crucial assumption is the existence of con-
jugate OH satellite lines. To test this, we subtracted the ther-
mal absorption counterparts from the OH satellite lines. The
remaining and summed spectra are presented in Fig. 2. Both
Kolmogorov-Smirnov and Anderson-Darling tests have shown
that the summed spectrum is consistent with being drawn from
a Gaussian distribution with p values of 0.64 and 0.46, which is
strongly suggestive of a conjugate nature. We note that the fea-
ture in the residuals at 912.4 MHz has ~3.70 significance, which
is consistent with a noise peak.

4. Measuring the cosmological evolution of
fundamental constants

We measure the cosmological evolution of the fundamental con-
stants a, p, and g, using the measured redshifts of the OH
18 cm lines and the equations (Eq. (12) and (13)) given in
Chengalur & Kanekar (2003). We note that the electron-proton
mass ratio was used in Chengalur & Kanekar (2003) whereas
the proton-electron mass ratio was used in later works, such as
Bagdonaite et al. (2013) and Kanekar et al. (2018). In this paper,
we also define i as the proton-electron mass ratio.

From the line fitting, we know that there are four OH gas
clouds, of which two are thermalized while another two exhibit
conjugate behavior. There are named G1, G2, G3, and G4 and
their parameters are listed in Table 1. With the Eqgs. (12) and (13)
in Chengalur & Kanekar (2003), comparisons of the redshifts
between vig67 + Viess and vige7—Viess, and between viggr + Vigss
and Y1720—V1612 for G1 give

o

0.132 + 0.264 + Agi =(1.0+10.2)x 1073
)

1852 437082 4+ 2 = (=12 +34) x 107

(a)

1
). (M
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Fig. 1. Gaussian fitting of the OH 18 cm lines. From top to bottom are the OH 1665, 1667, 1612, and 1720 MHz lines. Two Gaussian functions fitted
to the OH 1667 MHz line are marked with dotted purple and magenta lines. The corresponding counterparts of these two Gaussian components
in other lines in the LTE condition are also marked with dotted purple and magenta lines. The conjugate OH satellite lines (absorption in the
1612 MHz line and emission in the 1720 MHz line) are marked with green and orange. The vertical dashed gray line marks the optical redshift.
In all subplots, violet lines represent residuals that have been shifted in the Y axis for clarity; the redshifts and their associated uncertainties of
individual components are denoted with u and o.

For G2 we obtain Combining Eq. (1)a and (2)a, weighted based on their uncertain-
ties, and combining Eqgs. (1)b, (2)b, (3), and 4, weighted based
A a Agp _ - R R .
0 0.13% + 0.26% + gi,,l =(1.0+£125)x 10 3 (a) ) on their uncertainties, give
1.85% 437082 + Agi =(-12+38)x10* (b).
0.13% + 0264 + Agi = (1.0£7.9) %1073 (a) )
For G3, a comparison of the redshifts between v;720+vi612 and Au Ae . Agp 4
Vi720—V1612 €ives 1.857 +3.705F + q—p” =(-12+2.1)x 10 (b).
Au Aa  Ag, _ —4 A comparison of various CH3OH transitions in this absorber has
L8 #3 70+ = = (1253 x 107, ) iven Au/p = (~1.8+ 1.2)x 10~ (Muller et al. 2021). Applying

this to Eq. (5) gives
and for G4, we have q-5) ¢

A Ae A Aa gp _ Alagy®) )
18522 +3702% + 292 = C1245.0)x 1074, @) — 4027 = — L= = (-32£57x107),
M @ 9p @ 9p (agy")
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Table 1. Derived parameters for the OH 18 cm lines.

Line Name of OH gas Normalized amplitude Center FWHM
(MHz) (kms™')

OH 1612 Gl —0.00287(23)x1/9 854.9033(115) 36.5+2.3
G2 —0.005880(71)x1/9 855.2310(126)  69.7+2.2

G3 —0.000566(74) 854.9650(157)  30.7+5.3

G4 —0.000739(68) 855.3526(141)  39.0+4.5

OH 1665 Gl —0.00287(23)x5/9 883.09362(838) 36.5+2.3
G2 —0.005880(71)x5/9 883.43211(995) 69.7+2.2

OH 1667 Gl —0.00287(23) 884.13264(640) 36.5+2.3
G2 —0.005880(71) 884.47154(834) 69.7+2.2

OH 1720 Gl —0.00287(23)x1/9 912.3229(156)  36.5+2.3
G2 —0.005880(71)x1/9 912.6726(181)  69.7+2.2

G3 0.000566(74) 912.3887(260)  30.7+5.3

G4 0.000739(68) 912.8025(249)  39.0+4.5

Notes. From left to right are the line name, the name of OH gas, the normalized amplitude of Gaussian functions, the center of Gaussian functions,

and the velocity width (FWHM) of Gaussian functions.

0.003 |

T S S L JL a, ﬂnnﬂﬁﬂmmﬂfﬂ%ﬂnm e o L

0.002

1
OH1720

Ny

ol |12

ILAVIRC N

0.001 |

0.000

—-0.001

Normalised flux density

—0.002

-0.003 , ,

L UerlfLr"'-ﬂr'“‘L.J‘u‘”jJ‘W“‘
[I.HL-LM"FLUHHJI H]JL[
L.|JL H‘LI ”” hr" [

OH1612

ANl I
AT

—-800 —-400

-200 0

200 400

Velocity relative to z=0.8858 [km s7!]

Fig. 2. Conjugate OH satellite lines and their summed line. The top and bottom are OH satellite lines with the thermal counterparts subtracted,
which have been shifted for clarity, while the middle is the summed spectrum. Both Kolmogorov-Smirnov and Anderson-Darling tests have shown
that the summed spectrum is consistent with being drawn from a Gaussian distribution, which strongly suggests that the OH satellite lines are

conjugate.

A
7“ = (=33 +£23.0)x 1074,

A
29 (11 +7.9) % 1077,
9

p

5. Discussion

While measuring the fractional change in fundamental con-
stants has been attempted with spectral lines from different
species (e.g., Carilli et al. 2000; Kanekar 2011; Kanekar et al.
2012), velocity offsets between different species introduce red-
shift differences, which mimic a change in the fundamental
constants. Using the lines from the same gas, such as the
conjugate OH satellite lines (Darling 2004; Bagdonaite et al.
2013; Kanekar et al. 2018), avoids this systematic uncertainty.
One example is in the z = 0.8858 absorption system toward
PKS 1830-211, where different transitions of the methanol
molecule have provided Au/u = (=1.8+1.2)x 10~ (Muller et al.
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2021). Here we use only the OH 18 cm lines from thermalized
gas and the conjugate OH 18 cm satellite lines.

Other potential sources of error could arise from the change
in the continuum morphology of the background quasar (e.g.,
Garrett et al. 1997; Lovell et al. 1998; Marti-Vidal et al. 2013)
and variability in the absorption spectrum in the millimeter and
sub-millimeter bands (e.g., Muller & Guélin 2008; Muller et al.
2014, 2023). From 24 years of observations by various tele-
scopes (Chengalur et al. 1999; Koopmans & de Bruyn 2005;
Allison et al. 2017; Gupta et al. 2021), this variability does not
appear to affect the centimeter band spectra; this result was also
seen between the two MeerKAT observing runs (Gupta et al.
2021; Combes et al. 2021). We therefore do not expect signifi-
cant errors due to flux or spectral variability.

Compared to the constraint on u, the constraints on the
evolution of ago 1, @, and g, have a low precision. This is
because the uncertamties are dominated by the v;759 — V1612 and
Vie67 — Viees terms, which have redshift uncertainties one and
three orders of magnitude higher, respectively, than v¢67 + V1665
(Kanekar & Chengalur 2004). Using other lines, such as the OH
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main lines at other frequencies (Kanekar & Chengalur 2004),
could increase the precision. However, there is as yet no detec-
tion of other OH lines toward PKS 1830-211. The HT absorp-
tion line was simultaneously detected with the OH 18 cm lines
(Combes et al. 2021). However, fitting the HT line requires too
many Gaussian functions, which makes it difficult to determine
whether they truly represent individual components. Therefore,
we excluded the H1 line in our analysis. Other molecular absorp-
tion lines were detected at frequencies much higher than OH
18 cm lines and show different profiles from OH 18 cm lines
(e.g., Bottinelli et al. 2009; Muller et al. 2014, 2024), due to the
frequency-dependent radio structure of PKS 1830-211. There-
fore, a comparison between OH 18 cm lines and other molecular
lines is not appropriate.

To date, measurements of the cosmological evolution of g,
remain scarce. Chengalur & Kanekar (2003) reported the first
simultaneous constraints on the variation of all the three fun-
damental constants by comparing line redshifts from different
species, with uncertainties on the order of ~1073. Since then,
to our knowledge, no additional measurements of g, have been
reported. In this work, we provide another simultaneous mea-
surement of the cosmological evolution of all three fundamental
constants based, however, on the same species.

6. Summary

By utilizing the OH 18 cm absorption lines toward PKS 1830—
211 and combining these with previous measurements of
the electron-proton mass ratio (Muller et al. 2021), we have
obtained (10) limits of

A(a 0.27)
=9y <57x107° =2<7.8x 107 B yr !
(a,gg.27)
A

28 £ 23%x107% 2532x 10 3 yr !,
a

A/ $1.0x 107 < 1.4x 1078 yr ! and

A
2 < 79%1073 < 1.1 x 1072 yr!
9p

over a look-back time of 7.3 Gyr.
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