- 389P.

FTO0AAEAS, ~104. ",

ASTRONOMY & ASTROPHYSICS
SUPPLEMENT SERIES

Astron. Astrophys. Suppl. Ser. 104, 89-98 (1994)

APRIL I 1994, PAGE 89

Non-variability of the fine-structure constant over cosmological

time scales

A.Y. Potekhin and D.A. Varshalovich

A.F.Ioffe Institute of Physics and Technology, 194021 St-Petersburg, Russia

Received January 25; accepted July 16, 1993

Abstract. — A statistical analysis of fine splitting of CIV, NV, O VI, MgII, AlIII and SiIV doublet absorption lines
in quasar spectra is carried out in order to estimate a possible time variation of the fine-structure constant o = e?/hc
over cosmological time scales t ~ 10*° yr. The observational basis of the analysis is a catalogue* of 1414 pairs of
wavelengths with redshifts z = 0.2 — 3.7, compiled from data published in 1980 — 1992. Robust statistical estimates
like the “trimmed mean” are used as well as the least squares. No statistically significant time variation of « is found.
The estimate o~ 'de/dz = (—0.6 £ 2.8) 10™* is obtained. For the 95% significance level, an upper bound on the rate
of a relative variation of the fine-structure constant is @ ~'da/dz| < 5.6 10™*, which corresponds approximately to
|@~tder/dt| < 4 1071* yr~!. This limit represents the strongest up-to-date restriction on the possible time variation

of o for the epoch 0.2 < z < 4.
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1. Introduction

The problem of a possible time variation of fundamen-
tal constants has attracted attention since Dirac (1937)
formulated his “large number hypothesis”. Although the
hypothesis was not confirmed in its original form, the in-
terest to the problem arose again in the 1980s, when it was
realized that Kaluza — Klein models of unified interactions
may produce variations of fundamental constants, if the
extra dimension scales in these models vary cosmologi-
cally (Chodos & Detweiler 1980; Freund 1982; Marciano
1984). “Superstring” theories also allow the fundamental
constants to vary (e.g., Wu & Wang 1986). In this paper
we consider possible variations of the fine-structure (i.e.,
electromagnetic coupling) constant! a = e?/kc, where e,
h and c are the electron charge, Planck constant and ve-
locity of light, respectively.

Various tests of the fundamental constant variability
differ in space-time regions of the Universe which they
cover. Laboratory tests infer the possible variation of cer-
tain combinations of constants “here and now” from com-
parison of different frequency standards (Turneaure &
Stein 1976; Domnin et al. 1986). However, as Marciano
(1984) and Sisterna & Vucetich (1990) have noted, in-

*The catalogue (Tables C1-C7) is only available in electronic
form: see the editorial in A&AS 1994, Vol. 103, No. 1

! According to laboratory data (Kinoshita & Lindquist, 1990),
o~ ! =137.03599222 + 0.00000094

dividual trends of the constants might compensate each
other in some combination. Geophysical, geochemical and
paleontological data impose constraints on a larger vari-
ety of the combinations over the past history of the Solar
system, although most of these constraints are very indi-
rect. Having analyzed critically a lot of such local tests,
Sisterna & Vucetich (1990) derived restrictions on possi-
ble variation rates of individual physical constants for ages
t less than a few billion years ago, which correspond ap-
proximately to cosmological redshifts z < 0.2. Specifically,
they reported &/a = dlna/dt = (1.3 £6.5) 10716 yr—!
(hereafter we use the form £+ (%), where o (%) is the root-
mean-square (RMS) deviation of £, and the “hat” denotes
an estimate). The most crucial for this result were the tests
based on the Oklo phenomenon (Shlyakhter 1976) and on
the isotopic analysis of natural radioactive decay products
in meteorites (Dyson 1972).

However the above estimate cannot be extended to ear-
lier evolutionary stages of the Universe because the law of
possible space-time variation of « is unknown (Marciano
1984). Another investigation is needed for higher cosmo-
logical redshifts.

Astrophysical tests, in contrast to the local ones, con-
cern the values of fundamental constants in distant ar-
eas of the early Universe. Specifically, the extragalactic
spectroscopy provides the means for direct estimation
of the fine-structure constant in the early epochs. Evi-
dently, the variation of o should be small, otherwise it
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would not be possible to identify spectral lines of dis-
tant astronomical objects. Accurate measurements of the
wavelengths can then provide quantitative constraints on
the fine-structure variation rate, as Savedoff (1956) has
pointed out. Following him, Bahcall et al. (1967) and
Bahcall & Schmidt (1967) got the estimates from obser-
vations of resonance lines in spectra of quasi-stellar ob-
jects (QS0s), Aa/a = (—2£5) 1072 and (1+£2) 1073 at
z = 1.95 and 0.2, respectively. Here Aa = a, — ag is the
difference between the fine-structure constants at given z
and z = 0. Wolfe et al. (1976) derived an upper bound
|&/a| < 4 10712 yr~! from an observation by Burbidge
et al. (1976) of MgII absorption doublet at z = 0.524.
With the Hubble constant Hy = 50 km s~ Mpc™! ac-
cepted by Wolfe et al. (1976), their result is equivalent
to |Aa/a| < 0.04 at this redshift. Two orders of magni-
tude stronger constraints are available for the combination
a’gme/mp, where g, m. and my are the gyromagnetic
factor of the proton and the electron and proton masses,
respectively (Wolfe & Davis 1979; Tubbs & Wolfe 1980).

The authors of above-cited works used observations of
a small number of systems. Therefore they were unable to
eliminate possible errors caused by shifting an observed
center of a spectral line due to occasional blending, which
often results in the presence of multiple subcomponents.

A common way to reduce this uncertainty consists
in using a higher spectral resolution. However reaching
a higher resolution with keeping an acceptable signal-to-
noise ratio supposes a substantially longer observation
time. Now there exists a small number of observations
with a resolution of 0.1 A, appropriate to the most ac-
curate Aa/a estimation. All these observations relate to
moderate redshifts only. However, the presence of “un-
seen” subcomponents distorting a spectral line cannot be
fully ruled out even at very high resolution, since they
may fall together inside the real linewidth.

Fortunately, there is a way to circumvent the difficulty
related to the differences of radial velocities of various sub-
systems in a blend. Since distant multicomponent absorp-
tion systems belong to distant galaxies, each of them being
oriented arbitrarily with respect to the line of sight, the
probability of any blend structure is equal to that of the
symmetrical one. Therefore the above-mentioned uncer-
tainty can be reduced by a statistical analysis of many
observations of various absorption systems. This has be-
come possible in recent years when many QSO spectra
have been obtained.

Levshakov (1992a) first used this possibility. How-
ever his analysis of about 500 pairs of lines suffered
from some shortcomings (see Sect. 3.1). Hence his result,
a~lda/dz = (2 £ 1) 107%, and his claim of a tentative
variation of a cannot be regarded as conclusive. Later
Levshakov (1992b) presented another estimate, which re-
vealed much stronger z-dependence of «. This result,
which will be quoted in Sect. 4.6, is not consistent with

our analysis given below.

The aim of this paper is to extract the most reliable
information on the value of the fine-structure constant at
high redshifts from astrophysical observations. We have
combined the advantages of the alkalilike absorption dou-
blet method with those obtained when using robust sta-
tistical estimation. First, we have compiled a list of al-
kalilike absorption doublet wavelengths found in the QSO
spectra. Then we have carried out a statistical analysis
which enabled us to reduce the above-mentioned uncer-
tainties. Moreover, we have shown that this analysis gives
an upper limit on the fine-structure variation rate which
is stronger than limits found from the highest-quality ob-
servations published in recent years (see Sect. 4.6). As
a result, we have obtained the strongest up-to-date con-
straint o~ 'da/dz| < 5.6 107 for 0.2 < z < 4 at the 95%
significance level.

2. Basis of the analysis
2.1. Method of alkalilike absorption doublets

QSO spectra contain many absorption lines which corre-
spond to the transitions 2S;;; — ?P3/5 and 28y, —
Py, from the ground levels of alkalilike ions. Let A;
and )2 be the wavelengths of these transitions, and let
X = 2X; + $ X2 be their weighted mean value calculated
with statistical weights of the excited states. The relative
splitting,

y= (0 - M)/X, (1)

is proportional to a?, up to corrections of higher orders in
« (Bethe & Salpeter 1977). Comparing a relative splitting
1y, at some redshift z with the corresponding laboratory
value v, at 2 = 0, one can infer a possible variation of
a. Let us define

Y(2) = (y:/a0)* = 1. (2)

Then Y (z) = Aa/a and dY/dz = a~1da/dz.

This method was previously used by Bahcall et al.
(1967) and Wolfe et al. (1976). It has some advantages.
First, it is based on differences of absorption line wave-
lengths, which can be measured much more accurately
than emission ones, because the latter are generally broad.
Secondly, the alkalilike doublets correspond to transitions
from a single level. Thus their relative separation is not
affected by differences in radial velocity distributions of
different ions. Thirdly, the small difference between the
wavelengths of the doublet components reduces the effect
of possible calibration errors in different spectral ranges.

2.2. Laboratory data

For 1., calculation we have adopted the laboratory stan-
dards of A\; and A, given by Striganov & Odintsova (1982)
and listed in Table 1. The differences from the standards
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of Morton et al. (1988) are too small to affect noticeably
our results and conclusions.

Possible errors in these wavelength values do not ex-
ceed several mA, which causes an uncertainty in the last
digit of the .1, values given in Table 1.

Table 1. Laboratory wavelength standards

Ton M (A) Az (A) Ylab

CIV  1548.202 1550.774 1.6604 1073
NV  1238.821 1242.804 3.2116 1072
OVI 1031.912 1037.613 5.5146 1073
MgIl 2796.352 2803.530 2.5647 1073
AlTII  1854.716 1862.790 4.3470 1073
Silv  1393.755 1402.769 6.4535 1072

2.3. Observational data

We have composed a catalogue of alkalilike doublet
wavelengths with z > 0.2 found in the QSO absorption
spectra, using all the data published since 1980, after
the beginning of large-scale QSO surveys with electronic
detection?. We use this catalogue in our specific analysis
(Sect. 4), but it may be used as a database for any other
analysis.

We have taken confidently identified and resolved reso-
nant doublet absorption lines of most frequently observed
ions (CIV,NV,0 VI, MgII, AlIII, and SiIV) from series
of observations with the resolution of FWHM < 6 A which
is sufficiently high to resolve the components of most of
the doublets, in particular at high redshifts.

The selected lines were observed with signal-to-noise
ratio S/N = 10 — 100; typically, S/N = 20. The effective
spectral resolution was FWHM = 0.08 — 1 A in observa-
tions of 184 of the doublets, FWHM = 4 — 6 A for 419 of
them, and FWHM =~ 1 — 3 A for the remaining 711 pairs
of lines (see the catalogue for the references). The first
(high-resolution) sample is most homogeneous; its typical
S/N ranges between 10 and 20. Below in Sects. 4.1 — 4.3
we present results obtained when processing it separately.

We have considered 1414 pairs of lines altogether.

The catalogue of doublet wavelengths is presented in
six tables; a separate table is given for each ion. A red-
shift 2; and observed wavelengths (\1); and ()\2); are
listed for each doublet together with an observational
value of Y; calculated according to Eq. (2). Figure 1 dis-
plays z-distributions (number of pairs of lines AN per bin
Az = 0.2) for all doublets and for the most abundant
CIV and MgII doublets. Clearly different z-distributions
of these ions result from a selection due to difference in
their rest-frame wavelengths.

2The wavelengths tables with their references compose the ap-
pendix to this paper which is distributed by electronic mail
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Fig. 1. Redshift distribution of alkalilike absorption doublets
in QSO spectra from the catalogue of wavelengths: 1 — all the
data, 2 — CIV doublets, 3 — MgII doublets

3. Data processing
3.1. Treatment of errors

Any observational value Y; has a random error ¢; arising
from errors in A; and A, due to finite spectral resolution,
noise, possible calibration errors, and blending. For the
sake of confidence in the statistical analysis, the major
attention should be paid to possible systematic errors.

First, a possible correlation between positions of opti-
cally thick and thin subcomponents of a blend could lead
to errors in measured line centers, which might be corre-
lated for any single absorption system. However we have
argued in Sect. 1 that the resulting error is not systematic
and can be reduced if various distant absorption systems
are analyzed.

In a similar way, calibration errors are also randomized
by including various series of observations in the analysis.

Second, if the isotopic composition varies with the cos-
mological time, then doublet separations might vary due
to the isotopic shifts (Levshakov 1993). This possible vari-
ation is not greater than several mA, thus being well below
final statistical errors of our analysis (Sect. 4).

Third, the laboratory value of the relative doublet sep-
aration, Yi.p, which is the standpoint of the analysis, is
known with an error €,, introducing an additional error
€ to Y;:

Y = Yx(2:) + € + €, (3)
€lab 2 €lab

€@ = 1+Y:) +O(qu) = , 4

0= (1 +Y) +0(d) ~ g2, (8

where Y, is the exact value, and Y; is measured one. The
latter approximate equation follows from Eq. (2) and from
the fact that |Y;| < 1 for all observations. It assumes that
€o is independent of ¢ for ions of each type. However the
values of €.}, are different for different ions. Since different
ions are observed at different typical redshifts (see Fig. 1),
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the systematic error € averaged over a mizture of various
ions could depend indirectly on z. This indirect depen-
dence could simulate a false trend for a. Hence a separate
processing of each ions is required for an unambiguous
interpretation.

This has not been taken into account by Levshakov
(1992a) who mixed data for different ions and used
one-parameter regression model Y(z) = az which did
not account for non-vanishing errors of laboratory wave-
lengths. Besides, he removed all the data which could give
|Aa/a| > 0.01 but did not account for this removal in
his least-square analysis. Therefore he underestimated the
standard deviation.

Taking into account that Ay — A\; < A, one can easily
show that, for uncorrelated errors,

o(e) 2 272 (a(N))i/ (A2 — A1)i (5)

Possible errors of the laboratory wavelengths A; and A; are
about several mA (Striganov & Odintsova 1982), whereas
typical errors o(A) of astrophysical measurements vary
from tens to hundreds of mA. For a typical redshift z; ~ 2,
it follows that o(e;)/o(eg) ~ 10. We have allowed for
this by including the laboratory point Y5 = 0 (29 = 0)
into our data analysis with the relative weight wg =
o2(e;)/a%(e0) ~ 100 (i > 0).

Another possible systematic source of error is the non-
linear A-dependence of Y (Levshakov 1993), which gives
rise to a shift in the statistical estimate roughly propor-
tional to the variance 02(Y’). Below in Sect. 4.4 we calcu-
late this shift and show that it is negligible in comparison
with confidence intervals of our estimates.

3.2. Regression model

Most of the constant-variability models discussed in the
literature treat physical constants as functions of cosmo-
logical time which is uniquely related to the cosmological
redshift z. We have investigated the z-dependence of «
with the aid of the simple linear regression

Y()=a+b(z—%). (6)

Here Zp = Nz/(N + w,q) is the weighted mean of z; and
zy = 0, where N is the number of observational points.
Non-zero value of b would mean that a does vary. We
allow also V(0) to be non-zero in order to include the
possibility of non-zero €, in Eq. (3).

Since the z-dependence of @ might be non-linear (e.g.,
Marciano 1984), contributions of Y; in b might compen-
sate each other at small and large z;. For testing such a
behavior of a(z) and checking thus the applicability of
the regression model (6), we estimated centers of distribu-
tions of subsets {Y; : 2z; > 2Zmin} with different zpn > 0.
These estimates may be additionally important because
they supply information about different redshift ranges.

3.3. Statistical techniques

If the error distribution were gaussian then the least-
square (LS) regression analysis would be most efficient.
In practice, however, the data are essentially inhomoge-
neous, and their actual distribution differs from gaussian.
In this case robust estimation should be applied. From
a large variety of robust estimates (e.g., Lehmann 1983)
the “trimmed mean” (TM) combines simplicity with ef-
ficiency and gives reliable confidence intervals even if the
error distribution is unknown. TM estimates were orig-
inally applied to the statistical location problem. They
consisted in the LS processing after removing [3N] small-
est and [GN] largest values from a set of N data, where
0 < 3 < 0.5, and [z] means integer part of z. The LS and
widely known median estimates may be regarded as the
limiting cases of 5 — 0 and § — 0.5, respectively.

The TM estimates were extended to the linear regres-
sion analysis by Koenker & Bassett (1978) who proposed a
suitable rule to remove 2[3N] observation points. Ruppert
& Carroll (1980) proved the consistency of this method
and presented expressions for the variance estimation (see
Appendix).

Let the trimming level § vary in the interval 0 < 1 <
B < B2 < 0.5, and let the minimum of the variance esti-
mate 62 be at some By. As shown by Jaeckel (1971) for the
location problem, the TM estimate with 8 = (g is asymp-
totically the best one for the (unknown) real distribution
of errors ¢;. This estimate is adaptive since it adjusts to a
sample distribution (Lehmann 1983). The interval [81, (2]
should a priori include the true optimal value of 3; thus [,
cannot be small. On the other hand, 35 should not be too
close to 0.5, for the estimate 62 to have a not too wide con-
fidence interval. It is reasonable to take 8; =0, B2 = 0.25
(Jaeckel 1971, Andrews et al. 1972).

4. Results and discussion

First we analyzed the distribution of observational data.
Then we applied the LS and TM methods. Each of the
methods was applied to the estimation of linear regres-
sion parameters as well as to the estimation of the data
distribution center. The formulae used are given in Ap-
pendix.

4.1. Data distribution

We have investigated the distribution of the total sample
of data as well as the distribution of subsets corresponding
to separate resolution ranges and separate types of ions,
except for those subsets whose number is too small (N <
20). In Table 2 we present the mean value Y, standard
deviation o(Y'), coefficient of asymmetry v; = p3/o® and
excess y2 = p4/0* — 3 for each subset, where 1, is the nth
centered moment of the distribution considered. All these
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Table 2. Distribution parameters

Ion N Y (x107%) o(Y) (x107?) T Qrv(x®)  Qoe(x?)
All the data (FWHM < 6 A)

C1v 741 23+ 15 4140.2 02402 18+07 <107% 0.70

NV 46 —42 + 46 3.1+05 0.0+06 09+14 020 0.81

MgIl 404 —1+18 3.6+0.2 —-0.1+0.3 23+18 <107® 0.13

AlTII 42 —3+43 28+0.4 0.0+06 03+13 023 0.38

SiIlv 168 —14+13 1.7+0.2 —0.9+11 70+54 4x10"% 0.66
Data obtained with FWHM < 3 A

CIV 559 —5+14 3.2+0.2 —-0.2+03 3.0+11 <10 0.6

NV 36 —77+49 3.0+0.5 0.84+0.7 14+18 0.30 0.72

MgIl 137 25+ 19 2.24+0.3 —-0.3+09 51430 <10~  0.006

SiIvV - 132 —15+14 1.6+0.3 —1.0+1.7 104+87 2x10"* 0.45
Data obtained with FWHM <1 A

CIv 122 —14 426 29+04 -1.0+1.1 6.1+41 0.0012 0.64

MgIl 45 3+12 0.8+0.2 —-1.1+1.2 31£34 0.011 0.25

quantities and their RMS deviations have been estimated
from sample moments.

For all subsets in Table 2, the deviations of ¥ from
zero do not exceed 20 indicating that all observed dif-
ferences of a, from «g lie within the 95% confidence in-
terval. This preliminary analysis yields an upper bound
|Aa/a| < 3 1073 at an average redshift z ~ 2.

Figure 2 presents histograms of sample distributions.
The observational data are divided into M = [N'/?] inter-
vals AYops, where [z] is the integer part of z; the gaussian
probability of getting a point in each bin equals M 1.
Many of the distributions are clearly non-gaussian which
is confirmed by the chi-square test. Residual probabilities
Qn(x?) are given in Table 2. In most of the cases the
values Qn(x?) are small enough to reject confidently the
hypothesis of the gaussian distribution. This is not surpris-
ing: samples are inhomogeneous due to mixing the data of
different resolution as well as due to different nature of er-
rors (noise, blending, etc.). For a comparison, the last col-
umn of the table presents residual probabilities Qpg(x?)
corresponding to the double-side exponential distribution,
with the density fpg(Y) = (vV20) ' exp(—|Y|v/2/0). We
see that this model is a good approximation for most of
the sample distributions.

4.2. Least-square estimates: effect of resolution

We have obtained the standard LS estimates of the regres-
sion parameters a and b. First we have tried to account for
the data inhomogeneity by weighting all data according to
expected errors geyp(A) pointed out by observers,

Texp(N) = (a(W)/W)M/V12 < (S/N)TWIF2, (7)

where W is the equivalent width, M = 2.5F is an estimate
of the full-width at zero-intensity of a line, and F' is its
observed full-width at half-maximum (Young et al. 1979,
Levshakov 1992a). Equation (7) accounts for fluctuations

of a weighted center of a line due to Poisson fluctuations of
photon counts only, therefore values of 62, () differ from
actual variances of measured wavelengths o2()). Never-
theless, the value of 02, (\) can be regarded as a formal
measure of an observed line quality. If this was not pre-
sented, we adopted a typical value depending on the reso-
lution. Other LS estimates have been obtained with equal
weights attributed to observational points, each of them
being hundred times “lighter” than the laboratory zero
point. In some cases RMS errors of the estimates have
not been decreased by the weighting. Moreover, the vari-
ance estimates 62(a), 62(b) obtained from the scatter of
real data have been several times larger than the expected
values calculated directly from the oexp(A) used. This in-
dicates that the use of the quoted gexp(X) is inadequate,
probably due to a major contribution of occasional blend-
ing which could not be taken into account in the gexp(A)
estimate.

Table 3 gives results for the non-weighted LS analysis.
Its second and third parts present results for more uni-
form data subsets with instrumental FWHM < 3 A and
FWHM < 1 A. The latter subset includes 13% of all lines
only. Despite this reduction, RMS errors do not increase
by more than a factor of 1.7, demonstrating the advantage
of high-resolution results (although with lower S/N). On
the other hand, these results show that a large number
of data with moderate resolution may give more accurate
results than a small number of high-resolution data (see
also Sect. 4.6).

Different types of ions have been processed separately.
The most accurate estimates are those for SiIV. This
agrees with Eq. (5): this doublet has the largest red-
shifted (A2 — A1). The overall estimate of the slope b for
all ions (calculated with weights proportional to 6=2(b))
is (—2.7 £ 6.5) 10~%. Analogous estimates for a and for
more uniform data subsets with FWHM < 3 A and
FWHM < 1 A are also shown in Table 3.
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Fig. 2. Sample distributions of observed relative fine splitting: all the data a), CIV b), NV c), MgII d), AlIII e), and SiIV f);
1 — data with instrumental FWHM < 6 A, 2 — data with instrumental FWHM < 1 A
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Table 3. Least-square regression estimates

Ton N z a(107%)  b(107%)
FWHM < 6 A
CIv 741 2.2 21 +14 16+ 16
NV 46 24 —13+26 —23+23
OVl 13 2.7 —44+26 —13+29
MgII 404 1.1 —1+16  —31+27
AlIII 42 2.0 —1+23 3+25
Si1v 168 24 —9+11 -24+86
Overall 1414 19 -—04+66 —27+6.5
FWHM < 3 A
cIv 559 2.1 —44+13 -10+14
NV 36 23 —20+25 —40+24
oVI 13 2.7 —44+926 —13+29
Mg II 137 0.9 14+14 0+25
AlTII 18 1.8 11415 41 +22
Sitv 132 2.3 —8+11 —3.5+89
Overall 895 2.0 —07+60 —39+6.4
FWHM<1 A
C1v 123 17 —-7+20 —4+23
Mgl 45 1.0 08+6.8 5+ 15
Si1v 17 1.9 —-2.8+96 —9+14
Overall 184 1.5 —09+53 —28+94

4.3. Trimmed-mean estimates: effect of non-gaussian
statistics

Table 4 presents results of the TM analysis of the regres-
sion parameters with the trimming level 8 which mini-
mizes the estimate of the slope variance, 6%(b), in the in-
terval 0 < 8 < 0.25. If the error distribution were gaussian
then the optimal trimming level 8y would be close to zero,
and the TM and LS estimates would coincide. The actual
Bo is close to 0.25, in agreement with the non-gaussian
nature of errors.

The TM-method filters efficiently a sample contam-
inated by less accurate data (Lehmann 1983). A com-
parison of Tables 3 and 4 reveals a noticeable decrease
of RMS errors. According to Eq. (A9) of Appendix, the
most accurate overall TM-estimate of the slope, b =
(-0.6 + 2.8) 1074, yields the restriction |b| < 5.6 10~*
at the 95% significance level.

4.4. Shift due to non-linear wavelength-dependence

Let us estimate the possible systematic error mentioned
at the end of Sect. 3.1. Substituting Eq. (1) into Eq. (2),
expanding in Taylor series over A1, Az, and calculating the
mean, one easily finds

¥ Y= —%02(1/)(1 +O0(o(Y)) + Op)),  (8)

Table 4. Trimmed-mean regression estimates

Ion N z a (x107%) b (x107%) 2
FWHM < 6 A
Ci1v 741 2.2 11.7+93 9.0£89 0.25
Nv 46 2.4 —-9+11 —-20+11 0.21
OoviI 13 2.7 1.5+59 10.2£89 0.21
Mgll 404 1.1 611 —-14+17 0.25
AlIII 42 2.0 2+12 015 0.21
Silv 168 24 —-29+45 -3.1+£35 0.25
Overall 1414 1.9 02+£30 -1.7%+29
FWHM < 3 A
C1v 559 21 —-08+87 -—-24+83 0.23
Nv 36 23 -—-18+19 —38+20 0.12
OovVviI 13 2.7 1.5+£59 10.2£89 0.21
Mgl 137 0.9 9.1 +8.6 14+16 0.24
AlTII 18 1.8 11.44+9.38 40+ 15 0.06
Silv 132 23 —-26+40 -3.4+3.3 0.24
Overall 895 2.0 0.5£28 —0.6+2.8
FWHM <1 A
Civ 123 1.7 —4+12 —-5+14 0.25
MgIl 45 1.0 3.1+£5.8 6+13 0.03
Si1lv 17 19 -1.7£27 -98%53 0.22
Overall 184 1.5 —-17+26 —-71+4.6

where Y,, is the exact value of Y. From the third and the
fourth columns of Table 2 we see that in all the cases the
shift (8) does not exceed o(Y).

Furthermore, it is easy to show that trimmed-mean es-
timates Y5 deviate from Yy less then Y does. In particu-
lar, if we adopt the fpg probability density, in consistency
with the results of Sect. 4.1, then

Ty — Yoy = ~50*(¥)
(1 -2 (1 —In26+ %(ln 2ﬁ)2)) /(1=28) (9)

with the same accuracy as in Eq. (8). The corresponding
shift of the slope estimate b is about (¥ — Yey)/z. Taking
the numerical values from Tables 2 and 4, one obtains the
shifts less then 10~ for each data subset, which are fully
negligible in comparison with RMS statistical errors.

4.5. Stability of estimates

The numbers N of processed doublet data for the CIV,
MgII and SilV ions are quite sufficient for obtaining ac-
curate estimates. In contrast, adding or removing one or
several doublets of N'V, O VI and AlIII causes variations
of b and 6(b) up to 50% with respect to the tabulated
values, because the confidence intervals are rather wide.
Therefore one should not attribute a real physical mean-
ing to the 2.76 and 2.06 deviations of b from zero for NV
and AlIII in the second part of Table 4. However this un-
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certainty does not affect the overall estimate since it is
mainly determined by the most accurate SiIV data.

4.6. Comparison with selected data processing

Consideration of the subsets of different resolution in Ta-
bles 2 — 4 reveals that the lowest statistical errors are at
FWHM < 3 A. Further lowering the FWHM threshold
does not diminish resulting statistical errors due to a cor-
respondingly small number of available observations.

One may guess whether additional selection criteria
should be used in order to improve the accuracy. Evi-
dently, non-saturated lines with low FWHM and high S/N
are preferable. The oexp(A) could serve as a formal cumu-
lative measure of an apparent quality of a line. For exam-
ple, let us consider Mgl doublets with oeyp()) < 0.03 A
obtained with instrumental FWHM = 0.1 A and listed
in Table 5. The standard LS estimate gives Aa/a =
(1.24£0.4) 1073 at z =~ 0.4, the 95% confidence intervals
being (—0.2,2.5) 1073 for the mean and (0.3,1.6) 1073 for
the standard deviation.

Table 5. Very high resolution data

QSO z A1 A2 ref. Y

1100—264 0.3563 3792.66 3802.44 a 0.00229
0.3589 3800.10 3809.87 a 0.00079
0.3591 3800.68 3810.44 a 0.00021

2128—123 0.4298 3998.25 4008.54 b 0.00131

(a) Carswell et al. (1991), (b) Lanzetta & Bowen (1992)

A larger sample has been presented by Levshakov
(1992b). He selected 36 pairs of relatively strong, isolated
lines with z > 1 “which do not lie i) in the Lyman-
alpha forest, ii) on steep emission line profiles or near
strong absorption troughs, iii) at the edges of observed
spectral regions, and iv) near strong night sky lines”.
The result he reported was Aa/a = (3 £ 1) 1073 at
z ~ 2. Moreover, one of the robust estimates he used gave
Aa/a = (3.6 £0.8) 10~3. However one cannot be sure
that his selection procedure has not biased the sample.

The standard deviations in both these examples are
greater than that of our analysis presented in Sect. 4.3.
Assuming that the standard deviation of ¥ ~ bz is pro-
portional to o(e;)/v/N, where o(e;) is defined by Eq. (5),
one finds that the standard deviation of the slope o (b) is
roughly proportional to o())/[Z(A2—A1 ). N'/2]. Hence one
may conclude from the above results that our standard de-
viation o(b) = 3 10~* from Table 4 might be achieved, for
example, if one could obtain and process several observa-
tions of various SiIV systems at Z ~ 3 with a quality as
high as that of the data listed in Table 5. However even
in this hypotetical case the number of such observations
should not be small, in order to randomize a possible error

Table 6. Trimmed-mean location estimates

Ton N z Bo Y5 (x107%)
Zmin = 1
CI1v 741 2.2 0.25 12411
NV 46 24 0.11 —46 £+ 35
OVl 13 2.7 0.23 24 £ 39
MgII 244 1.4 0.24 12+15
AlIII 41 2.0 0.24 9+35
Si1v 168 2.4 0.25 —8.7+8.6
Overall 1253 2.1 -3.2+5.9
Zmin — 2
CI1v 411 2.6 0.24 3117
NV 37 2.5 0.14 —35 443
OVI 13 2.7 0.23 24 + 39
Al III 17 24 0.18 —17 £ 37
Silv 112 2.6 0.25 —9+10
Overall 590 2.6 —-3.0£6.2
Zmin = 3
Civ 69 3.2 0.19 62 + 37
NV 7 3.2 0.14 —161 +83
Silv 23 3.3 0.17 17+ 31
Overall 99 3.2 21 + 23

caused by the occasional blending, as we have argued in
Sect. 1.

4.7. Possible test for differences of laboratory wavelengths

The two-parameter regression (6) supplies information not
only on the slope b but on the total shift a as well. If this
shift were significant, then, according to Eq. (2), the esti-
mate Y'(0) = a— bz, could give a correction to the labora-
tory splitting for ions of given type. However our analysis
reveals no statistically significant deviation of Y'(0) from
Yo =0.

4.8. Model-independent test

To test the applicability of our regression model we have
obtained the TM-location estimates Y5 (again optimizing
B) for Y; data with 2z; > 2zmi,. These estimates do not
depend on a regression model. Some of the results are
given in Table 6. No statistically significant deviation of
}7,3 from zero is observed for any zmin. In particular, from
the last part of Table 6 we get |Aa/a| < 6 1073 for z = 3.2
at the 95% significance level.

4.9. Constraints on theoretical models

Our results enable one to select theoretical models which
predict variability of the fine-structure constant. For ex-
ample, let us consider the power law @ = a(t./to)P, where
to is the present age of the Universe and ¢, is the cosmolog-
ical time (¢t = to — t. is the look-back time). The standard
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cosmological model (with the average density of matter
close to the critical value and the A-term equal to zero) re-
lates t. to z as t, = %Ho_l(1+z)‘3/2. Comparing this with
the last part of Table 6, one gets the restriction |p| < 0.003
which excludes the value p = 1 of Gamow (1967) and Cho-
dos & Detweiler (1980) as well as the value p = —1/4 of
Freund (1982). Taking into account other parts of Table 6,
one can impose restrictions on more complicated models
(e.g., Marciano 1984).

5. Conclusions

Our statistical analysis based on the catalogue of 1414 ab-
sorption doublets in the QSO absorption spectra at cos-
mological redshifts z > 0.2 reveals no statistically sig-
nificant variation of the fine-structure constant o with
z. The tentative variation of a reported by Levshakov
(1992b) is not confirmed. Our estimate a~'da/dz =
(—0.6 + 2.8) 10~* and the 95%-significance restriction
la~lda/dz| < 5.6 107* are by two orders of magni-
tude more stringent than corresponding results of Bah-
call & Schmidt (1967), Bahcall et al. (1967), and Wolfe
et al. (1976). The analysis of a large number of absorbing
systems minimizes the uncertainty caused by occasional
blending.

For the Hubble constant Hy = 75 km s™! Mpc™?
(Jacoby et al. 1992), the above limit yields |&/a| <
4 107 yr~!, if one extrapolates it to the present epoch
(z <« 1). This limit is less restrictive than the limit
|&/a| < 1.4 10715 yr~! reported by Sisterna & Vucetich
(1990) for the present epoch. However, our constraint is
different in that it covers earlier evolutionary stages and
more distant regions of the Universe. The latter is not
trivial, because some of these regions were causally dis-
connected at the epochs of line formation (cf. Tubbs &
Wolfe 1980).

Estimates of the center of distribution of empirical val-
ues Aa/a at z > zyin (With zpin treated as a parameter)
also show no statistically significant difference between
o, and ap. This indicates that the absence of any sig-
nificant trend of & does not depend on the linear regres-
sion model adopted. From observations of 99 absorption
systems with redshifts 3.0 < z < 3.7, we have obtained
Aafa=(2.1£2.3) 1072 at z = 3.2.

The trimmed-mean method with the trimming level
optimization used in our estimates is robust and adaptive
(Lehmann 1983). Therefore it is unlikely that our upper
limit on the variation rate of the fine-structure constant
can be significantly improved without involving other ob-
servational data.
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A. Appendix: trimmed-mean estimation

Let B be a trimming level, 0 < 8 < 0.5, n = [BN] be
the number of observations removed ”from the high end”
and ”from the low end” of the sample (according to the
rule defined below) and the N3 = N — 2n be the num-
ber of observations Y; kept. Then the TM estimate of a
regression parameters is the LS estimate applied to the
remaining data. For the location problem, the n smallest
and n largest data points can be removed, and the esti-
mate is the mean

1 &
\ —_ 'l
YB—Nﬁ;Yz : (A1)

Let Yiin and Yi,ax be the smallest and thg largest of the
kept data Y. Then the TM variance of Y3 can be esti-
mated as (e.g., Lehmann 1983)

6% (Tp) = (N1 -28)%) 7" (Qs(¥s)/(V - 1)+
ﬁcf + 3'3% - B + 02)2) )

where ¢1 = Yiin — Y5, €2 = Yinax — Y5, and Qp is the
residual sum of squares (RSS)

(A2)

Ng
Q(V) =Y (v/ -v).

=1

(A3)

Now let us consider the linear regression (6) following
Ruppert & Carroll (1980). Including a weighted zero point
Yy =Y, =0, we have (N + 1) data points in total; 2n of
them are to be removed. Koenker & Bassett (1978) have
defined, for 0 < v < 1, the regression quantiles a(vy) and
b(vy) as those a and b which minimize the function

N
ry(a,0) =Y py(Yi — a = b(zi — 2)),

=0

(z) = 0% ifzx>0
PriT) = (v — 1)z otherwise

(A4)

where

(AS5)

Let us remove all the data which do not satisfy the in-
equality
a(1-B)+b(1-B)-(2—2) < Y] < a(B)+b(B)-(2—2). (A6)
To ensure that the point Yj is kept, we minimize (A4)
under the restrictions a(1 — 8) < b(1 — 8)z and a(B) >
b(B)z.
Now the TM estimates of the parameters a and b in
(6) are

Ng
g =V'=) wY;, (A7)
1=0
Ng ' =t i vl
. Mo wi(Z -2 (Y - Y
bﬁ — 21_0“’ (zz ZO)( 1 )’ (A8)

N, —
Zi=ﬁo w; (2] — 26)2
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where w; is the weight. In our case wg = wre/(Ng + Wrel)
and w; = 1/(Ng + Wrer), 7 > 0.

According to Ruppert & Carroll (1980), these esti-
mates have asymptotically gaussian distribution. There-
fore an upper limit by of |b| at a significance level P, can
be found from the equation

—\/%j;—(?)s /_b: exp <— (x - 5p)2 /2&2(53)> dz =PF,.
B 0 (49)

The variances may be estimated as (Ruppert & Carroll
1980)

Y 1
T (N+1)(1-26)2

(Qslas, o)/ (N = 1)+

Bet + Bei — B2 (e1 +¢2)?) (A10)
Ng -1

5%(bg) = &(ap) (Z wi(# — 26)2) : (A11)
i=0

where ¢; = a(1 - ) —ag, c2 = a(f) — dg, and the RSS is
Ng

Qpla,b) = (Ng+1) > w; (¥ —a—b(z; - 2))°. (A12)
=0

In the particular case of 3 = 0 Egs. (A7) — (A12) yield
the standard LS estimates.
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