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Cosmological observations to shed light on
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Abstract. Cosmology contributes a good deal to the investigation dagtian of funda-
mental physical constants. High resolution data is avilahd allows for detailed analysis
over cosmological distances and a multitude of methods dereloped. The raised demand
for precision requires a deep understanding of the limiéirrgrs involved. The achievable
accuracy is under debate and current observing proposalsunshe capabilities of todays
technology. The question for self-consistency in datayeisland &ective techniques to
handle unknown systematic errors is of increasing impegaiihis work puts forward an
analysis based on independent data sets and introducesatlte approaches for some of
the steps involved.
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1. Introduction that indicated a variation im and follow up pa-
pers by King et al. [(2008), Wendt & Reimers
2. Data (2008) and Thompson et Al_(2009) which re-

evaluated the data and report a result in agree-
ment with no variation. All recent works on
Q0347-383 is one of the few quasars witl0347 are based on the same UVES VLT ob-
an absorption spectrum that shows unblendégrvation in January 2002 (lvanchik et al.
strong features of molecular hydrogen. Witl2005). For the first time additional observa-
a redshift ofzyps = 3.025 the UV transitions tional data of Q0347 is taken into account in
are shifted into a spectral range that can B8is work. The data were acquired in 2002 at
observed with earthbound telescopes, renddhe same telescope and recently reduced by
ing it an applicable target foAu/u analysis. Paolo Molarf.

Hence, Q0347 was subject of several works

including the paper by Reinhold etlal. (2006)

2.1. Observations
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Fig. 1. The original flux is interpolated by a polyno- Fig. 2. Exemplary plot of the sub-pixel cross-

mial usingNeville's algorithm to conserve the local correlation. The resulting shift is ascertained via

flux. paraboalic fit. In this case the two spectra are in best
agreement with a relative shift of 6.2 mA.

2.2. Reduction . .
areas. A broad region of saturated absorption
The standard UVES pipeline may not reacks available near 3913A in the observers frame.
the desired accuracy for precise determinatiddtatistical analysis revealed a variance corre-
of fundamental physical constants. A majosponding to~120% of the given error on aver-
source of uncertainty are the calibration spe@ge for the 15 spectra. For each of the spectra
tra and the limited precision of the availableéhe calculated correction factor was applied.
list of Thorium Argon lines as pointed out
byMurphy et all I(2008) and Thompson etlal. . ,
(2009). Proper calibration and data reductiof-3-2- Relative shifts of the 15 spectra
will be the key to detailed analysis of potentiabye to variation in barycentric velocities and
variation of fundamental constants. The influgrating shifts the individual spectra are sub-
ence of calibration issues on the data qualitpéct to small shifts — commonly on sub-pixel
is hard to measure and the magnitude of theye| — in wavelength. To correct for thaffect
resulting systematic error is under discussiony| spectra were interpolated by a polynomial
This work tries to bypass the estimation of SYSusing Neville's algorithm to conserve the lo-
tematics apd utilizes the uncertainties as part g flux (see Fig[ll). The resulting pixel step
the analysis procedure. on average is 220 of the original data. Each
spectrum was compared to the others. For ev-
ery data point in a spectrum the pixel with the
closest wavelength was taken from a second
The first data set (henceforward referred to @pectrum. Their deviation in flux was divided
set A) consists of nine separate spectra oby the quadratic mean of their given errors in
served between 7th and 9th of January in 200flux. This procedure was carried out for all
The second set of 6 spectra (B) was obtaingiixels inside certain selected wavelength inter-
on January 13th in 2002. Prior to further datsaldl resulting in a mean deviation of two spec-
processing the reduced spectra are reviewedtiia. The second spectrum is then shifted against
detail. the first one in steps of 1.5 mA. The run of
the discrepancy of two spectra is of parabolic
nature with a minimum at the relative shift with

2.3. Preprocessing

2.3.1. Flux error level
3 Only certain wavelength ranges are taken into

The given error in flux of all 15 spectra wasaccount to avoid areas heavily influenced by cos-
tested against the zero level noise in saturatedcs or areas close to overlapping orders.
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the best agreement. Fifl 2 shows the result- 300
ing curve with a parabolic fit. In this exem-
plary case the second spectrum shows a shift 250 ¢
of 6.2 mA in relation to the reference spec-
trum. The clean parabolic shape verifies the
approach. All 15 spectra (®B) are shifted to
their common mean. The average deviation is
2.3 mA. Sectiofi:313 illustrates its influence on
the data analysis.

L5R1 L5P1 L5R2

Flux a.u.

. . 4174.00 4176.00 4178.00 4180.00
2.3.3. Selection of lines Wavelength in A

The selection of suitable Hfeatures for the Fig.3. Part of the co added spectrum near 4176A.
final analysis is highly subjective. As a mat-The data however, were not co added for the fit.
ter of course all research groups crosscheck&8R1 and L5SR2 match the &-criterion, L5P1 does
their choice of lines for unresolved blends ofot.

saturation &ects. The decision whether a line

was excluded due to continuum Cont"Jlm'naéxceeding the 5= levefl Since the fitting rou-
tion or not, however, relied mainly on the ex-

ine is known to provide proper error estimates
pert knowledge of the researcher and was onjiyy - 5 2005) and_(Wendt & Reimers
pa_lrtlally recor_1f|rm¢q by the ascertame_d unce‘z(‘)og) the dominating source of error in the
tainty of the final fitting procedure. This work !

ts f q A h ad td termination of line positions is due to sys-
puts forward a more generic approach adaptely, e errors. This result indicates calibration
to the fact that we have two distinct observ

i fh biect dssues of some significance at this level of pre-
|on20 | et_samef%zjel_c T fitted el cision. The comparison of two independent ob-
selection o IN€s 1S Titted Separatelygqyation runs reveals a source of error that can

for each dataset Of 9 (A ar_1d 6 (B) EXPOSUT€H5t e estimated by the statistical quality of the
resp_ect!vely.. !n this selectloln merely ble.ndﬁt alone. For further analysis only lines that
readily |_dent|f|able or emerging from equivayigar by less than 3 are taken into account.
'?”Ce W'dth. ar_1a|y5|s_ are e>_<c_|uded_. Each rO&rhis criterion is met by 36 lines. Fifl 3 shows
tional level is fitted Wlth conjoined line param-y, oo H features corresponding to the transi-
eters except for redshift naturally. The data ale s L5R1. L5P1. L5R2. All have similar sen-

not co added but analyzed simultaneously vig - : :
" . tivity towards changes im. L5P1 fails the ap-
the fitting procedure introduced by Quast ef al Iiedyself consistengy ckl?eck between theptwo

(2005). For each of the 52 lines there arfyi, sets and is excluded in the further analy-
two resulting fitted redshifts or observed waveg;

lengths, respectively, with their error estimates.

To avoid false confidence, the single lines are

not judged by their error estimate but by theig. Results

difference in wavelength between the two data i ] )

sets in relation to the combined error estimat&0r the final analysis the selected 36 lines are
Fig.[@ shows this dependency. The absoldte ofitted in all 15 shifted, error-scaled spectra si-

setAderecive 10 €ach other is expressed in relatultaneously. The result of an unwelghtedelln-

tion to their combined error given by the fit; €ar fit corresponds tu/u = (15+ 16)x 107

Adefiective 4 Lines fitted with seemingly high precision and
Ay, = > > (1) thus a low error reach higheffeets than lines with
Ao, T3, a larger estimated error at the same discrepancy in

) ) ) Aobs Clearly the lower error estimates merely re-
Fig. [4 reveals notable discrepancies betwe@@cts the statistical quality of the fit, not the true
the two datasets, the disagreement is partiasalue of the specific line position.
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Fig.4. Selection of 52 seemingly reasonable line&ig.5. The unweighted fit for Q0347 corresponds
to be fitted separately for each dataset of 9 and 6 eto Au/u = (15+ 16)x 10°°. Note, that at such a high
posures, respectively. Their absolutésetAdegecive  SCatterzqi—o differs fromzby less than br,.

to each other is expressed in relation to their com-

bined error given by the fit (see [Ef.1).

on future observations and eventually Laser
Frequency Comb calibration will allow for
practlcally arbitrary precision and uncertain-
ties in the calculations of sensitivities will play
role. Commonly the weighted fits neglects

over the look-back time ot 115 Gyr for

Zaps = 3.025. Fig.[b shows the resulting plot.

Note the comparable large scatter in dete

mined redshift when combining the two in-

dependent observations. The approach to
ly an unweighted fit is a consequence of thi1€ efor inK;. The merit function for the

Er?known natgre of the prommen? systematic§2S€ of a straight-line fit with errors in both co-

Uncertainties in wavelength calibration can no Qrdmates is given by:

be expressed directly as an individual error per

line. For this work the calibration errors and ( a-b )2

the influence of unresolved blends are assumgé(a, b) = Z y. X (2)

to be dominantin comparison to individual fit- + b2

ting uncertainties per feature. For the following

analysis the same e(roris adppted foreachlingny can be solved numerically with valid ap-

With an uncertainty in redshift of 10°we  proximations [(Lybanor 19:34)¥At the curreﬁt

obtain:Au/u = (15+ 6) x 10°". level even an error irK; of about 10% has

However the goodness-of-fit is below 1 PPMherely impact on the error estimate in the or-
and is not self consistent. Judging by that a 'ﬁer of 10°.
l

Frl]g Elda rleasorg)ab_le ?]rror:jn Obfg{‘éfg _:_ehdsh Uternatively the uncertainties if; can be
should at least be in the order o - +N€ translated into an uncertainty in redshift via

X NN i 6
weighted fit givesiu/u = (15£ 14)x 107 the previously fitted slope. The results of this
ansatz are similar to the fit with errors in both
coordinates and in general this is simpler to im-
3.1. Uncertainties in the sensitivity plement. ,
- Another possibility is to apply a gaussian error
coefficients e :
to each sensitivity cdicient and redo the nor-
At the current level of precision, the influ-malfit a few dozen times with alternating vari-
ence of uncertainties in the sensitivity coefations inK;. Again, the influence on the error-
ficients K; is minimal. It will be of increas- estimate is in the order of 1 ppm.
ing importance though when wavelength calfhe diferent approaches to the fit allow to es-
ibration can be improved by pedantic demandsnate its overall robustness as well.
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3.2. Individual line pairs 3T

Au/u can also be obtained by using merely
two lines that show dierent sensitivity to-
wards changes in the proton-to-electron mass
ratio. Another criterion is their separation in
the wavelength frame to avoid pairs of lines
from different ends of the spectrum. Several
tests showed that a separation/of < 110A
and a range of sensitivity ciecientskK; — Ky > ol 000 ool 002 003 ooa 005
0.02 produces stable results that do not change Sensitivity Coefficient K;

any further with more stringent criteria. Note,

that pairs spread acrogs_two ”e'QhF’O””g Ordeﬁg. 6. Variation in fitted positions for all lines with
(~ 50A) show no striking deviations. "Fi8.7and without initial correction for shifts in between
shows the dferent values forAu/u derived the 15 spectra. The slope of the fit is dominated by
from 52 line pairs that match the aforementhree lines.

tioned criteria. Note, that a single observed line
contributes to multiple pairs. The gain in sta- 600 ;
tistical significance by this sorting is limited as .
pointed out by Molaro et &l.| (2008). The large
scatter favors the median as result which prox 200t .
ducesAu/u = 13 x 1078, The scatter is then § ol wds .
related to uncertainties in the wavelength de= e
termination which is mostly due to calibration 3 -200 - )
errors. The standard error is<g810°. ‘

............

Dgps in mA due to shift correction

400

ne pairs

-400

Apx10

-600 . . . . . ,
0.020 0.025 0.030 0.035 0.040 0.045 0.050

K; spread of line pair

3.3. Influence of the preprocessing

cs:c?r(;\trl’r?gn mearﬁj %ﬁ‘cgﬁefSIZf)elgtlgl ?Egt Ctgmaf_:ig- 7. Au/p derived from individual line pairs (52)
plete analysis was redone with error-scaled bmgg:‘ eg{; Isf gggastiﬁsitsyolfe;f)rtg?ﬁ e%ég'& and show a
unshifted spectra and the ascertained line pgpa median corresponds Agu/u = 13% 10°6.
sitions of both runs compared. Figl. 6 shows

the diference for each Hine in mA over the

corresponding sensitivity cfiicientsK;. The References

plotted line is a straight fit. Clearly the slope is_ .

dominated by three individual lines whose fi:R_ethId’ E., etal. 2006, PRL, 96
ted centroids shifted up to.5mA due to the KiNg.J. A, etal. 2008, PRL, 101
preprocessing. These three lines in particuld’°mPson. R. I, etal. 2009, APJ, 703, 2
produce a trend towards variation jnwhen endt,_ M. & Reimers, D. 2008, EPJ, 163,197
grating shifts and otherfiects are not taken [V@nchik, A., etal. 2005, A&A, 440, 45

into account. This single-sided trend probabl)!UrPhy. M. T., etal. 2008, MNRAS, 384, 1053
occurred by mere chance but at such low stati uast, etal. 2005, A&A, 431, 1167

tics it influences the final result. I\/Iyt?lgrr](()mls I\gt 511?8240’())‘?3‘1%5‘?’ 1253 173
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