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The Standard Model of particle physics assumes that the so-called fundamental constants are
universal and unchanging. Absorption lines arising in molecular clouds along quasar sightlines

offer a precise test for variations in the proton-to-electron mass ratio, p, over cosmological time and
distance scales. The inversion transitions of ammonia are particularly sensitive to p as compared to
molecular rotational transitions. Comparing the available ammonia spectra observed toward the
quasar B0218+357 with new, high-quality rotational spectra, we present the first detailed
measurement of w with this technique, limiting relative deviations from the laboratory value to
[Ap/ul < 1.8 x 107 (95% confidence level) at approximately half the universe's current

age—the strongest astrophysical constraint to date. Higher-quality ammonia observations will
reduce both the statistical and systematic uncertainties in these observations.

assumes that the fundamental constants

of nature (or, at least, their low-energy
limits) are the same everywhere and at every
epoch in the universe. However, it cannot itself
justify this assumption, nor can it predict their
values. Our confidence in their constancy stems
from Earth-bound laboratory experiments con-
ducted over human time scales. Extrapolating to
the entire universe seems unwise, especially con-
sidering that the physics driving the universe's
accelerating expansion, labeled dark energy, is
completely unknown. Nevertheless, the Earth-
bound experiments achieve impressive precision:
Time variations in the fine-structure constant, o =
&*/he (where e is the electron charge, 7 is
Planck’s constant / divided by 2, and c is the
speed of light), which measures the strength
of electromagnetism, are limited to &/o =
(1.6 £ 2.3) x 1077 year™! (&, o’s time deriv-
ative), whereas those in the proton-to-electron
mass ratio, U = my/m, (effectively, the ratio of
the strong and electroweak scales) are limited to
(= (1.9 £4.0) x 107 year ! ({1, u’s time
derivative) (/). Still, more dramatic variations
might have occurred over the 13- to 14-billion-
year history of the universe, and the residual
variations in our small spacetime region might
remain undetectably small. It is therefore imper-
ative to measure the constants over cosmological
time and distance scales.

The Standard Model of particle physics
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Variations in @ and/or o would manifest
themselves as shifts in the transition energies of
atoms and molecules. By comparing transition
energies registered in spectra of astronomical
objects with laboratory values, possible varia-
tions can, in principle, be probed over our entire
observable universe and through most of its his-
tory. Because of the narrowness of the spectral
features involved, absorption lines arising in gas
clouds along lines of sight to background quasars
are currently our most precise cosmological probes.
For example, by comparing various heavy-element

electromagnetic resonance transitions in optical
quasar spectra, 5o evidence has emerged for var-
iations in o of ~5 parts in 10° at redshifts (z’s)
0.2 <z <4.2 (2-5). Although a more recent sta-
tistical sample found no variation (6), errors in the
analysis prevent reliable interpretation of those
results (7, &), leaving open the possibility of a
varying o.

Similarly, tentative (30) evidence for a frac-
tional variation in p of ~ 20 x 10® has recently
come from two quasar spectra containing many
ultraviolet (UV) H, transitions at z ~ 2.8 (9, 10).
Comparison of UV heavy-element resonance
lines and Hr 21-cm absorption is sensitive to
ot and, assuming o to be constant, has yielded
indirect null constraints on p variation, albeit
with slightly worse precision than the direct H,
method (11).

An alternative method for measuring p at
high redshift, suggested recently by Flambaum
and Kozlov (/2), is to use the sensitivity to p
variation of the ammonia inversion transitions
(13) near 24 GHz. A shift in their frequencies due
to a varying p can be discerned from the cosmo-
logical redshift by comparing them to transitions
with lower sensitivity to i. Good candidates for
comparison are the rotational transitions of mole-
cules such as CO, HCO", and HCN because (i)
their transition frequencies depend mainly on p
and not on other fundamental quantities (such
as 0); (ii) they are simple molecules, commonly
detected in the interstellar medium; and (iii) their
rest frequencies (80 to 200 GHz) are not vastly
dissimilar to the NHj transitions' frequencies
(compared with UV and 21-cm absorption), thus
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data, normalized by the (constant) error array, are plotted above the spectra, bracketed by horizontal lines
representing the +1c level. The fit contains 57 free parameters: an optical depth for each component in each
transition (5 x 8 parameters) plus a Doppler width and redshift for each component (8 + 8 parameters) and a
single value of Au/u. The fitted-line parameters are tabulated in (16).
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reducing possible effects due to frequency-
dependent spatial structure in the background
quasar's emission.

For rotational and NH; inversion transitions,
we may write the apparent change in velocity or
redshift of an absorption line due to a variation in
W as

A Az A
===k (1)
c 1+z u

where K; is the sensitivity of transition 7 to pu and
Ap/p = (i — Wiab)/bap for iy and i, the values
of p in the laboratory and absorption cloud at
redshift z, respectively. All rotational transitions
have K; = 1, so comparing them with each other
provides no constraint on Ap/u. However, the
sensitivity of the NH3 inversion transitions is
strongly enhanced, K; = 4.46 (12). That is, as n
varies, the NH; transitions shift relative to the
rotational transitions.

Only one quasar absorption system displaying
NH; absorption is currently known, that at z =
0.68466 toward quasar B0218+357. From z
uncertainty estimates for NH;, CO, HCO", and
HCN in the literature (/2), the precision achie-
vable is crudely estimated to be d(Au/u) =2 x
10°. However (12), a proper measurement of
Ap/u from NH; would require detailed simulta-
neous fits to all the molecular transitions, and sig-
nificantly better precision may be possible. Here
we make the first detailed measurement of 1 using
the NH; inversion transitions by comparison with
HCO" and HCN rotational transitions.

The only published NH; absorption spectra
are those for the (J,K) = (1,1), (2,2), and (3,3)
inversion transitions reported by (/4) toward
B0218+357, reproduced in Fig. 1. The channel
spacing is 1.67 km s ™! for (1,1) and (2,2) and 3.3

km's™" for (3,3). The spectra are normalized by a
low-order fit to the quasar continuum. See (/4)
for observational and data reduction details. The
signal-to-noise ratio (SNR) for the flux is very
high, ~1000 per channel, but because <1% of the
continuum is absorbed, the effective SNR for the
optical depth is quite low.

HCO" and HCN(1-2) absorption toward
B0218+357 was discovered more than a decade
ago (15). New high-resolution (=0.9 km s ' per
channel), high SNR (~100 per channel) observa-
tions of these lines were recently undertaken with
the Plateau de Bure Interferometer in France (/6).
Figure 1 shows both spectra normalized by fits to
the quasar continuum.

All spectra were registered to the heliocentric
reference frame; possible errors in this procedure
are discussed in (/6) and shown to be negligible.

Spectra representing the 1¢ uncertainty in
normalized flux per channel were constructed
for all the molecular spectra by calculating the
root mean square (RMS) flux variations in the
continuum portions of each transition. Because
no large differences were observed on either side
of the absorption for any transition, a simple
constant-error model was adopted.

As Eq. 1 states, the signature of a varying
w would be a velocity shift between the rota-
tional and NHj inversion transitions. Complicat-
ing the measurement of any shift is the velocity
structure evident in Fig. 1: The profiles com-
prise absorption from many gas clouds, all asso-
ciated with the absorbing galaxy but nevertheless
moving at different velocities. The number and
velocity distribution of these velocity compo-
nents are unknown and must be determined from
the data themselves. Each fitted velocity com-
ponent is represented by a Gaussian profile
parametrized by its optical depth, Doppler width,
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fits with six components and three fits with seven components were possible; the different results are
offset in the plot for clarity in these cases. Large 2, values for <6 components indicate that those fits are
not statistically acceptable. Of the remaining fits, the eight-component fit has the lowest %2,. The nine-
component fit has a smaller y? (because more parameters are being fitted) but a marginally higher %2,
indicating that it is less statistically preferred than the eight-component fit. Only statistical error bars on
Aw/u are shown; see text for discussion about systematic errors.

and redshift. The best-fitting parameter values are
determined with a x>-minimization code, VPFIT
(17), designed specifically for fitting quasar absorp-
tion lines. To determine the statistically preferred
velocity structure, the best-fit (that is, minimized)
values of y* per degree of freedom, y,, are
compared for several fits with different velocity
structures. That with the lowest %%, is taken as the
fiducial one (similar to an F' test used to
discriminate between models).

Measuring Ap/p requires the assumption that
the velocity structure is the same in all transitions.
This does not mean that the ratio of optical depths
of corresponding velocity components in differ-
ent transitions must be constant across the profile.
Rather, it means that the number and velocity
distribution of components are assumed to be the
same in different transitions. We discuss this
assumption below, but in practice the velocity
structure was determined by tying together the
redshifts of corresponding velocity components
in different transitions. The high-SNR rotational
spectra clearly place the strongest constraints on
the velocity structure, but the NH3 spectra must
be included to measure Ap/jt. The Doppler widths
of corresponding components were also tied to-
gether, effectively assuming a turbulent broaden-
ing mechanism.

Figure 1 shows the fiducial eight-component fit.
The detailed hyperfine structure of the HCN(1-2)
and NH; transitions is reflected in each velocity
component. The relative hyperfine-level popula-
tions were fixed by assuming local thermodynam-
ic equilibrium (LTE). The laboratory data used in
the fits are tabulated in (/6). Given this fit, deter-
mining Au/u is straightforward: A single addi-
tional free parameter is introduced for the entire
absorption system, which shifts all the velocity
components of each transition according to its K
coefficient (Eq. 1). All parameters in the fit, in-
cluding the single value of Au/u, are varied by
VPFIT to minimize x>. The best-fit value is
A= (+0.74 + 0.47) x 10°°, corresponding to a
(statistically insignificant) velocity shift between
the NH; and rotational transitions of 0.77 + 0.49
km s . The 1o error quoted here, formed from
the diagonal terms of the final parameter co-
variance matrix, derives entirely from the photon
statistics of the absorption spectra. A different
(though intimately related) approach to determin-
ing Au/u and its error is discussed in (/6); it
provides the same result.

Fitting too few velocity components causes
large systematic errors in such analyses (§). A
reliable measurement of Ap/u can be derived
only from fits replicating all of the statistically
significant structure in the absorption profiles.
Therefore, the fiducial velocity structure must be
the statistically preferred one and may be more
complicated than that preferred by the human
eye, especially when many transitions are fitted
simultaneously. The simplest objective method
to achieve this is demonstrated in Fig. 2, which
shows the decrease in y* as increasingly com-
plex velocity structures are fitted. When the fit is
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too simple to adequately describe the data, quite
different values of Ap/u are found. On the other
hand, the nine-component overfitted case pro-
vides a value and error very similar to those of the
fiducial eight-component model.

The consistency of the velocity structures
in the two highest-SNR transitions, HCO" and
HCN(1-2), was tested by fitting those transitions
independently. Again, different fits with different
velocity structures were compared to determine
the statistically preferred one. Both transitions
are best fit by velocity structures similar to that
in Fig. 1 (16), providing some confidence that
they can meaningfully be fitted simultaneously.
These independent velocity structures were ap-
plied to the NHj; transitions, and new values of
Au/u were derived. When fitting only HCO*(1-2)
and NH;, Ap/p = (+0.67 + 0.51) x 107 for
HCN(1-2) and NH;, Ap/p = (+0.88 £ 0.51) x
1076, Neither value substantially deviates from
our fiducial one. The marginal increase in the
1o error when using a single rotational transi-
tion indicates that the NH; spectra limit the
statistical uncertainty.

To consider potential systematic uncertain-
ties, it is important to recall our main assump-
tion that the velocity components constituting
the absorption profiles have the same redshifts
in different transitions. Although the HCO" and
HCN(1-2) velocity structures are evidently simi-
lar enough for measuring Ap/u, the NH; spectra
have a SNR that is too low for a direct com-
parison. And because the observed frequencies
of the NH3 (~14-GHz) and rotational (~106-GHz)
transitions are somewhat different, it is possible
that, if the background source morphology is
frequency-dependent, some NH; components might
arise along slightly different sightlines from those
components in the rotational profiles.

B0218+357 is a z = 0.944 BL Lac object
(18) lensed by a nearly face-on Sa/Sab z = 0.68
galaxy (/9) in which the absorption occurs. Two
lensed images, A and B, separated by 334 milli—
arc sec, straddle the lensing galaxy's center, with
image B much closer to the center. An Einstein ring
with diameter ~300 milli—arc sec, centered near
image B, has also been identified (20). B0218+357
itself has a core-jet morphology with an unre-
solved [<1 x 1 milli—arc sec or <7 x 7 pc (21)]
flat-spectrum core dominating the observed 8.4-
GHz emission (22). The jet has a knotty structure
extending over ~10 x 10 milli-arc sec and, like
other jets, is expected to have a steep spectrum.

Various absorption lines have been detected
in the z = 0.68466 absorber, from Hi 21 ¢m and
OH below 2 GHz (in the rest frame) (23, 24),
through six H,CO transitions at 5 to 150 GHz
(25), to H,O at 557 GHz (26), to name but a
few. Furthermore, the molecular absorption
arises only toward image A (25, 27-29). The
flat-spectrum core should completely dominate at
high frequencies; the fact that H,CO and H,O
absorb most of the total high-frequency con-
tinuum therefore implies that at least those
transitions arise only toward the core. All the

observed molecular transitions have consistent
velocity structures (though most spectra have
poorer resolution and/or SNR than those studied
here). Thus, the most important velocity compo-
nents in all transitions evidently arise toward
image A's flat-spectrum, compact core (14, 29).

Nevertheless, indirect evidence suggests that
the molecular clouds do not completely cover
the background source (16, 30). If the covering
fraction is different for the rotational and NHj
transitions, some velocity components may ap-
pear in one and not the other. Similar problems
may arise because some HCO" and HCN(1-2)
velocity components may be optically thick (/6).
The spurious shifts in Ap/u that these effects
may cause are difficult to estimate in general,
but in (/6) we conduct several fits in which
different combinations of NHj3 velocity compo-
nents are removed, providing an estimate of
+0.7 x 10°°. Another potential systematic error
is our assumption of LTE for the HCN(1-2) and
NHj; hyperfine-structure populations. Removing
HCN(1-2) from the analysis barely changes the
measured Ap/p. Removing different parts of the
hyperfine structure from the NHj transitions re-
sults in maximum deviations of +0.3 x 107
from our fiducial value of Au/u (16).

Combining these two potential systematic
errors in quadrature, we obtain Au/u = (+0.74 +
0.47 g0 £ 0.764y5) x 107%, providing no evidence
for cosmological variations in p. The NH; spec-
tra currently set both the statistical (stat) and
systematic (sys) errors. Although the SNR and
resolution clearly directly determine the former,
they also indirectly influence the latter: The ve-
locity structure of higher-quality NHj spectra
could be more directly compared with the rota-
tional profiles, and limits on non-LTE hyperfine-
structure anomalies could be constrained by the
data themselves. That is, with improved NH3 spec-
tra, both the statistical and systematic error compo-
nents can be improved. Nevertheless, until the NH;
data are improved, our final result is a 2¢ limit on
variation in W from this single absorber: |Au/u| <
1.8 x 1075, This corresponds to a shift of <I.9 km s '
between the NH; and rotational transitions.

Our new value of Ap/u seems inconsistent with
the current tentative evidence for p variation from
H, absorption at z ~ 2.8, Ap/u = (+24.4 £ 5.9) x
107 (10). However, reliable comparison is diffi-
cult because cosmological time and/or space varia-
tions in W remain poorly constrained. Clearly, a
statistical sample from both techniques, covering
a wide redshift range and with detailed assess-
ment of systematic effects, is highly desirable.

Assuming that p varies linearly with time, our
measurement corresponds to a drift of (/pu =
(1.2 % 0.8 = 1.2,) x 107" year . However,
this assumption is only a convenient means for
comparison with current limits from laboratory atom-
ic clocks, /it = (1.9 + 4.0) x 107'® year" (/);
it is not motivated by any physical (necessarily
un-tested) varying-u theory.

With so few measurements of u distributed
throughout the universe, each new measurement

REPORTS

is an invaluable test of the most basic—and the-
oretically unjustifiable—assumptions in the Stan-
dard Model: that the laws of physics are universal
and unchanging. The precision demonstrated here
highlights the importance of discovering many
more molecular absorbers to further our knowl-
edge of fundamental physics.
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