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ABSTRACT

Aims. We present a detailed analysis of a very high resolutios (R2 000) spectrum of the quasar HE 05¥8!14 obtained using the High
Accuracy Radial velocity Planet Searcher (HARPS) mountethe ESO 3.6 m telescope at the La Silla observatory. The aiains to use
HARPS spectrum of very high wavelength calibration acouetter than 1 mA), to constrain the variation®f= €?/%ic and investigate
any possible systematic inaccuracies in the wavelengtbragibn of the UV Echelle Spectrograph (UVES) mounted anE$O Very Large
Telescope (VLT).

Methods. A cross-correlation analysis between the Th-Ar lamp spemitained with HARPS and UVES is carried out to detect angiptes
shift between the two spectra. Absolute wavelength cdlitmaaccuracies, and how that translate to the uncertaiimida/a are computed
using Gaussian fits for both lamp spectra. The valuA®fa at z,,s = 1.1508 is obtained using Many Multiplet method, and simétaus
Voigt profile fits of HARPS and UVES spectra.

Results. We find the shift between the HARPS and UVES spectra has meamawzero with a dispersion of ~ 1 mA. This is shown to
be well within the wavelength calibration accuracy of UVE® ¢~ ~ 4 mA). We show that the uncertainties in the wavelength caibn
induce an error of aboupa/a < 1078, in the determination of the variation of the fine-structoomstant. Thus, the results of non-evolving
Aa/a reported in the literature based on UVESET data should not be heavily influenced by problems reldtedavelength calibration
uncertainties. Our higher resolution spectrum ofzhe= 1.1508 Damped Lyman-system toward HE 05151414 reveals more components
compared to the UVES spectrum. Using only iFéines of zys = 1.1508 system, we obtaiftie/a = (0.05+ 0.24)x 1075. This result is
consistent with the earlier measurement for this systemgusie UVES spectrum alone.
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1. Introduction ation of the fine-structure constant, = €*/ic: (Aa/a) =

_ _ (=057 + 0.11) x 10 for 0.2 < z < 35, whereAa/a =
Some of the modern theoneg of fundamental physics, su(car; — ag)/ao, With ap being the present value and its value
as SUSY, GUT and Super-string theory,

allow possible SPaffredshiftz. This result, if true, would have very important im-

a”‘?' time variati_ons of the fundamental constants, thus'”“’pﬂications to our understanding of fundamental physicsteasd

vating an experlment_al segrch for sucha yanauon (Uza'gzot%erefore motivated new activities in the field. Search far t
and 2004 for_a detail review on the subject). Murphy et 'ossible time-variation of using alkali doublets has started
(2003), applying the Many Multiplet method (MM method ong ago (Bahcall et al. 1967). The alkali-doublet method is

to 143 complex metal line systems, claimed a non-zero Vtjaan method for constraining the variatiorinising spectral

- lines because it uses transitions from the same speciesgWol
Send offprint requests to: H. Chand . N
e_manﬁivermef@iucaa_emet_in et al. 1976; Levshakov 1994; Potekhin et al. 1994; Cowie &
* Based on observations collected at the European Southerandaila, 1995; Varshalovich et al. 1996; Varshalovichlet a
Observatory (ESO), under Programe ID No. 072.A-0244 witiRips  2000; Murphy et al. 2001a; Martinez et al. 2003; Chand et al.
on the 3.6 m telescope operated at the La Silla Observataly a#005). The tightest constraint obtained using this metfibd t
Programe ID 066.A-0212 with UVESLT at the Paranal observatory. date isAa/a = (0.15:0.44)x107° atz ~ 2 (Chand et al. 2005).
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Studies based on heavy element molecular absorption linkta of higher resolution than typical UVES (or HIRES) spec-
seen in the radjonm wavelength range are more sensitive thara. The best way to investigate all this is to compare d&rta
that based on optic&JV absorption lines. They usually pro-by UVES (or HIRES) with data on the same object taken with
vide constraints on the variation of a combination of the-finanother completely independent, well controlled, and &igh
structure constant, the proton g-fact@,j and the electron- spectral resolution instrument. The advent of HARPS malinte
to-proton mass ratiqu. Murphy et al. (2001b) have obtainedon the ESO 3.6 m telescope makes this possible. Unfortynatel
Aa/a = (-0.10 + 0.22) x 10°° at z = 0.2467 andAa/a = this is only possible on the brightest quasar in the soutsleyn
(-0.08+ 0.27)x 10°° at z= 0.6847, assuming a constant proHE 0515-4414.
ton g-factor Gp). It has been pointed out that OH lines are This forms the basic motivations of this work. We report
very useful in simultaneously constraining various fundam the analysis of the,,s= 1.15 DLA system toward QSO HE
tal constants (Chengalur & Kanekar 2003; Kanekar et al. 20@5615-4414 (De la Varga et al. 2000, Quast et al. 2004, 2005)
Darling 2003, 2004). These studies have provideda = using very high resolution (R112 000) spectra obtained with
(0.6 + 1.0) x 10°° for an absorption system afp= 0.247 to- HARPS mounted on the ESO 3.6 m telescope. The organiza-
ward PKS 1413135. Such studies have not been performeibn of the paper is as follows. The HARPS observations of
yet at higher redshift (i.e > 1) due to the lack of molecular HE 0515-4414 are described in Section 2. Calibration accu-
absorption systems. racy and comparison with the UVES observations are disdusse

Constraints on the variations af are also obtained from in Section 3. In Section 4 we present the joint analysis of the
terrestrial measurements. The most stringent constraihéen HARPS and UVES spectra. Results are summarized and dis-
obtained from the analysis of the Oklo phenomenon. Fujii etissed in Section 5.
al. (2000) find thatAe/a = (-0.8 + 1.0) x 108 over a pe-

!’IOd of about 2 billion years (or ~ 0.45).. Laboratory exper- 2 Observations

iments also give very stringent constraints on the local var

ation of @. Marion et al. (2003) have obtainedwp/aAt = The spectrum of HE 05154414 used in this work was ob-
(0.4 + 16) x 10°*yr!, by comparing the hyperfine transitained with the High Accuracy Radial velocity Planet Search
tion in 8’Rb and'33Cs over a period of 4 years assuming n(HARPS) mounted on the ESO 3.6 m telescope at the La Silla
variation in the magnetic moments. Fischer et al. (2004ghawbservatory. HARPS is a fiber-fed spectrograph and is there-
obtainedAa/aAt = (-0.9+2.9)x 10 yr~1, by comparing the fore less &ected by any fluctuation in the seeing conditions
absolute $ — 2S transition of atomic hydrogen to the groundMosser et al. 2004). It is installed in the Coudé room of the
state of Cesium. A linear extrapolation gives a constrafnt 8.6 m telescope building and is enclosed in a box in which vac-
-1.3x10° < Aa/a < 1.9x 10% atz= 1 for the most favored uum and constant temperature are maintained. The insttumen
cosmology 2m = 0.27,Q, = 0.73 andh = 0.71). has been specifically designed to guarantee stability agid hi

Clearly all the experimental results summarized above axecuracy wavelength calibration.
consistent with no variation at. However, these results do  The observations were carried over four nights in classical
not directly conflict with the positive detection by Murphiy efiber spectroscopy mode, with one fiber on the target and the
al. (2003) either because of the ifiscient sensitivity of the other on the sky. The CCD was read in normal low readout
method (as in the case of alkali doublets) or because of tm@de without binning. The echelle order extraction from the
different redshift coverage (as in the case of radio and terrema data frame is done using the HARPS reduction pipeline.
trial measurements). However, recent attempts using the MWe error spectrum is computed by modeling the photon noise
method (or its modified version) applied to very high qualitwith a Poisson distribution and CCD readout noise with a
UVES spectra have resulted in null detections. The analy§sussian distribution. The calibrated spectrum is cordetd
of Fen multiplets and Mgr doublets in a homogeneous samvacuum wavelengths according to Edlén (1966) and the -elio
ple of 23 systems has yielded a stringent constréinf,a = centric velocity correction is done manually using the dedi
(-0.06+0.06)x 107° (Chand et al. 2004; Srianand et al. 2004ated MIDAS (ESO-Munich Image Data Analysis Software)
Modified MM method analysis of,pe= 1.1508 toward HE procedure. Special attention was given while merging the or
0515-4414 that avoids possible complications due to isotopiters. While combining overlapping regions, higher weights
abundances has resulteddin/a = (0.01+0.17)x 10°° (Quast were assigned to the wavelength ranges toward the center of
et al. 2004). Levshakov et al. (2005b) have re-analysistfis the order compared to the one at the edges. The resulting 1-D
tem using the single ion fierential alpha measurement methogpectrum covers the wavelength range from 3800 to 6900 A,
as described in Levshakov et al. (2005a), and obtaleeld = with a gap between 5300 to 5330 A caused by the transition
(-0.007+0.084)x107°. Clearly all studies based on VLT-UVESbetween the two CCDs used in HARPS. In total, we obtained
data are in contradiction with the conclusions of Murphylet a4 individual exposures, each of duration between 1 and 1.5
(2003). hour. Combination of individual exposures is performechgsi

A first possible concern about these studies is the real acsliding window and weighting the signal by the errors infeac
curacy and robustness of the various calibration procediére pixel. The final error spectrum was obtained by adding quadra
second possible source of uncertainty comes from the muitally in each pixel the extracted errors and the rms of the 14
component Voigt-profile decomposition. It is very impoitem individual measurements. The final combined spectrum has a
check how sensitive the derived constraints are to the prdéd  S/N ratio of about 30 to 40 per pixel of size0.015 A and a
composition. This can be done by performing the analysis epectral resolution of R112,000.
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To make quantitative comparisons, as will be discussed in
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3.1. Cross-correlation of UVES and HARPS Th-Ar A R S B
-100 0 100 -100 0 100
sp ectra Relative Shift (mA)

To estimate how well the UVES and HARPS wavelength scales
agree, one can in principle use the narrow heavy element &ig. 1. The points with error-bars are the cross-correlation co-
sorption lines seen in the spectra of the QSO. However refiicients plotted as a function of the relative shift between
only the number of such lines is small but also, due téedi UVES and HARPS Th-Ar spectra. The cross-correlation is per-
ences in the resolutions and\bratios, spurious shifts can beformed using groups of five consecutive unblended emission
introduced in the analysis. In order to avoid this, we perfar lines in the vicinity of the diferent metal absorption lines of
cross-correlation analysis between the Th-Ar lamp spetira the z,,s = 1.1508 system. The observed wavelength of the re-
tained with UVES and HARPS. We have 4 and 14 Th-Ar lamgion around the metal line is given in the top left corner iotea
exposures respectively for UVES and HARPS observationsganel. The dotted line is the best Gaussian fit to theséicoe
the setting that covers the wavelength range whera Bad cients. This is used to derive the relative shift betweertwie
Mg o absorption lines from theys = 1.1508 absorption sys- spectra with sub-pixel accuracy. The mean relative shdtlan
tem are seen. We have combined all the extracted Th-Ar exror as well as the central wavelength of the region used are
posures after subtracting a smooth continuum correspgiidin given in each panel.
the background light.

The cross-correlation analysis was performed on groups of o . )
five consecutive unblended emission lines that are cleady s the absolute wavelength calibration accuracies of the two i
in both the UVES and HARPS spectra. For this, both specffguments.
were re-sampled to an uniform wavelength scale using cubic
spline and the pixel-by-pixel cross correlation was pemfed s > Tasting absolute wavelength calibration error of
by shifting the UVES spectrum with respe_ct to the HARPS UVES and HARPS
spectrum. The results of the cross-correlation at placesavh
absorption lines atyps = 1.1508 are redshifted are shown info test the absolute wavelength calibration accuracy we-com
Fig.O. All the curves shown in this figure have their peak gare the central wavelength of strong un-blended emissies |
zero pixel shift with a typical pixel size of 15 mA. In order toin the extracted Th-Ar lamp spectrum with the wavelengths ta
derive sub-pixel accuracy in the cross-correlation, weeHiy  ulated in Cuyper et al. (1998). We model the emission lines by
ted a Gaussian to the cross correlation curves as is showrslngle Gaussian function. The best-fit line-centroid alwuiity
dotted lines (Figil) and derive its centroid accuratele Tar- other parameters of the models and errors are determined by a
responding values are given in each panel. The relativésshif?> minimization procedure. In many cases we find fidult to
between the two spectra are less than 1 mA except in one dfitsidie lines with reduceg? ~ 1. In such cases we have scaled
where itis 1.7 mA. We note that the quadratic refinement tedhe flux errors by square root of the redugé€dand re-run the
nique (instead of a Gaussian fitting) also gives similarltesu fitting procedure. In this way, we have avoided any underesti
To derive the global trend of the relative shift, we have el mation of the errors on the best fit parameters, assuming that
our cross-correlation analysis, to the entire wavelengtiye. the actual errors on the flux of the Th-Ar lamp spectrum was
The result of the analysis is shown in Higj. 2. The shifts are okomehow underestimated.
tained in the same way as in FIg. 1. The average of the meanThe diference between the best-fit line centroid, in the ex-
relative shifts over the entire wavelength range is 0.01 nith w tracted lamp spectra and the wavelength quoted by Cuyper et
an rms deviation of 1.09 mA. In what follows we investigatal. (1998) is plotted in FigJ3. The wavelength range shown in
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The left panel shows the shift between HARPS
and UVES lamp spectra derived by performing the cross-
correlation (as shown in Fi@l 1) over the wavelength regions |
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Fig.4. The spectral resolutionR = 1/FWHM) measured
from Gaussian fitting of emission lines in the Th-Ar lamp spec
tra is plotted versus wavelength. The left-hand side uppdr a
lower panels show the result from HARPS and UVES spectra
respectively. The corresponding histograms are shownédn th
right-hand side panels. The mean along with the standaiid dev
ation are stated explicitly.

In addition, we have used the best-fit FWHM of the
Gaussian fit of the lamp lines to derive the spectral resmiuti
(R = A/FWHM) of the spectrum. The resolution measure-
ments are shown in Fi§l 4. The mean resolution and standard
deviation for HARPS and UVES are found to Re= 112 200
ando = 8,400;R = 55,100 ands- = 7, 600 respectively.

3.3. Effect of calibration error on Aa/a measurement

Next we investigate how the scatter in wavelength calibrati
(AA) translates into a scatter ik /a . We follow the method

Fig. 3. A4, the dfset of the centroid wavelength of the emissio[)geq by Murphy et al. (2003) for this purpose. We randomly
lines in the Th-Ar lamp spectra (obtained using Gaussiah fitgygose 3 emission lines in the lamp spectrum, with a restwave
with respect to the wavelengths given by Cuyper et al. (1898)ength close to each of the observed wavelengths of these
plotted versus wavelength. The left-hand side upper anerow,q y; ines used in the analysis of the variationcofThere are
panels show the results for the HARPS and UVES spectra §&p Mg 1 lines, 12796 and12803, and five Fa lines, 12344,

spectively. The corresponding right-ha.nd_ side panelsigeov 17374 12382, 12586, and12600. Thus we have 21 (7 3)
histograms. The root mean square deviation.ofround zero |ines per realization. By choosing 3 lines, we mimic 3 distin

(o) is stated explicitly.

this figure is the one covered by the mainiFand Mgu lines
of the zy,s = 1.1508 system. We find the rms of the deviatio
(A1 in Fig.[d) around zero to be, respectively, 0.87 mA ang - Wo + OX.
4.08 mA for the HARPS and UVES lamp spectra. This clearly

components in the actual absorption system. We assume that
the measured shift in the emission line centroid away froen th
actual value is caused by the variationdnTo estimate this
variation, we use the analytic fitting function given by Daub

ﬁt al. (2002),

(1)

demonstrates that the shifts between the HARPS and the UMHE&e,w, andw are, respectively, the vacuum wave number (in
lamp spectra measured from the cross-correlation andlysis units of cnT!) measured in the laboratory and the modified
< 1 mA) are well within the wavelength calibration accuracwave number due to a changednx = (Aa/a + 1)> — 1 and

of UVES.

g is the sensitivity coficient. At each chosen lamp emission
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We notice that the measured valueaaf a obtained in this
experiment have a Gaussian-shape distribution avibhfi 0.02x
1 1075 for HARPS ando ~ 0.1 x 107° for UVES. As the sys-
] tem under consideration is known to have much more than 3
, components, the above quoted values are conservatives error
Ll due to uncertainties in the wavelength calibration. Murphy
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0 15 30 45
T mma

[ al. (2003) have also carried out such analysis for HIRES Th-A
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02 gmO0LEX10F (HARPS Mg 11/Fe 1) 1zt 1 lamp spectra. Their weighted mean from the sample of 128 sets
g N S SO ST U S N ?7 of Th-Ar lines resulted inAa/a)thar = (0.4 + 0.8) x 1077. If
s P T S Y 1 one assumes a Gaussian distribution for the individualeglu
S0z 190 E then the central limits theorem implies that the typigdirom
— .~ onesetof Th-Arlines in the case of HIRES should be around
[ " o=0.096x10% (Ulms Mg 1/Fe T JET 0.09x107° (= 0.8x 10" x V128), which is similar to our value
i S LII HL SRS B AR S & b= for UVES Th-Ar lamp spectra (i.e- = 0.1 x 107).
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H Iflﬁ fi I F TI fLHIiﬁ ) ) )
0zt t 7 1 3.4. Effect of using different Th-Ar line tables on
0 0 ‘ " P wavelength calibration

Realisation Number

Th-Ar reference wavelengths are taken from the compilation

Fig.5. InferredAa/a due to uncertainties in the wavelengtpf Palmer et al. (1983) for Thorium lines and Norlén et al.

calibration. The results presented in the middle and bottdf?73) for Argon lines. The line lists built from these com-
panels are when we consider 5 main iFdines along with pilations and commonly used for echelle spectroscopy i@lib

the Mg i doublet in our analysis. For each realization a sifn are available on the web-pages of the European Southern
of 21 Th-Ar lines are randomly chosen (3 in the neighbofRPservatory (ES§ and the National Optical Astronomy
hood of each 5 Fa and 2 Mg lines of thez.ps =1.1508 Observatory (NOA®). The two tables dier slightly, because

system).Aa/a is computed from the measured deviations ithe ESO Th-Ar line table is not accurate up to 4 decimal places
the line centroid by assigning thecoeficient (Dzuba et al. &S is the case with NOAO Th-Ar line table. For the extractibn o

2002) of neighboring metal line to the Th-Ar emission linéJVES lamp spectra we have used the Th-Ar line table provided

The left-hand side middle and lower panels show the result fy NOAO. To investigate whether the use of ESO table could
the HARPS and UVES spectra respectively. The histogram fBfluce Systematic shifts ina/a , we have also extracted the
both cases are shown in the right-hand side panels. The $§"€ UVES Th-Ar lamp spectrum using the Th-Ar line table
panels gives the results for the UVES data when we considipvided by ESO. We fit a Gaussian function to the un-blended
6 Fen lines (i.e Fen11608 and 5 main Fa lines) in the anal- Th-Arline as described in sub-sectloni3.2 and get the deviat
ysis. Theo of the distribution refers to a typical error on theéfit: of the best-fit centroid with respect to the corresponding

measurement ofa /e due to wavelength calibration alone in &/alue in the NOAO Th-Ar table. The deviatiod(i) is plotted
single system with 3 distinct components. in Fig.[@ as a function of the fierence in the wavelengths tab-

ulated by ESO and NOAQ\ ¢4 If the wavelength uncertain-
ties caused by the inaccurate wavelengths listed in ESOITh-A
table for some of the Th-Ar lines are larger than the errors al
. . . . . _lowed by the dispersion solution, then we expect a coraiati
line We assign the value of the neighboring metal absorptlorl})etweerﬁ/lm andAAp. The lack of such a correlation and the
transition. o ) o _larger scatter ob4sj; compared toAdyy, in the figure, show

~ All the lamp emission lines in each realization are fitteght the @ect of inaccurate rest-wavelengths of a few lines in
simultaneously with Gaussians, for one fixed valu&\ofa . he ESO line list is negligible.
Here, theAa/a value is used to modify the rest wavelength of 14 complement this, we perform the cross-correlation be-
the emission lines using trgcodficients given by Dzuba ety een the lamp spectra calibrated using the two waveleagth t
al. (2002) for the corresponding metal I|nes.5Th|s procedg;lr bles. The cross-correlation is performed in a similar way as
repeated for a rangesnfa/a , from 2_2'0 x 10710 20x10™  yegcribed in sub-sectidB.1. Here we have shifted the UVES
In stegs of 2 x 10 to achievey” as a function o\a/a . |3mp spectrum calibrated using the ESO Th-Ar table over the
The x° versusAa/a curve is used to extract the best fitted e jamp spectrum calibrated using the NOAO Th-Ar line ta-
Aa/a (with error-bars) in a similar way as is used in the alle The result of the cross-correlation is shown in the uppe
sorption system (discussed in the next Section). The medsyt, ,q| of Fig[y7. From the figure it can be seen that the relative
spuriousAa/a for 100 random realizations are plotted in HIb. 3pift is not completely random. However the relative shsft i
both for HARPS (left-hand side middle panel) and UVES (lefl, ot of the time less than 2mA and even 1mA, which is well

hand side lower panel) lamp spectra. In the top panel we g\y&hin the UVES calibration accuracy.
the results for similar analysis of UVES spectrum consittgri

6 Fer lines (i.e including Far11608 instead of Mar doublet) ! httpy/www.eso.orginstrumentgivesgtoolgtharatlas.html
alone. 2 httpy/www.noao.edkpngspecatlaghaythar.html
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Fig.6. The diferencegsit, between the best-fit centroid ofFig. 7. The figure shows thefect of calibration using two dif-
Th-Ar lines seen in the UVES Th-Ar lamp spectrum and theferent Th-Ar line tables: (i) provided by NOAO and usually
wavelength listed in the NOAO Th-Ar table is plotted versussed in IRAF (ii) provided by ESO and used in MIDAS. The
the diference between the corresponding wavelengths listedujpper left panel shows the mean shift of Th-Ar lamp spec-
the ESO and NOAO Th-Ar line tableA{ia). The figure shows trum calibrated using ESO Th-Ar line table with respect to
that (i) the scatter o1y, is about a factor 3 smaller than thathe same Th-Ar lamp spectra but calibrated using the NOAO
of 64+t (ii) no clear correlation is seen betwe#ny,, andédsi;.  Th-Ar line table. The mean shift is derived by performing the
As a result the calibration errors due tdfdrences in wave- cross-correlation as is shown in Hij. 1 over a wavelengtioreg
lengths given in dierent Th-Ar tables is negligible as compareonsisting of about 5 consecutive unblended Th-Ar lineg Th
to the wavelength calibration accuracy of the instrument.  histogram of the mean shift is shown in the right panel. The
lower left panel shows the similar plot as in the lower lefhpha
of Fig.[H, except that here Th-Ar lamp spectrum is calibrated
ﬁj.pg the ESO Th-Ar lines table rather than the NOAO Th-Ar
nes table. The bottom right panel shows the histogram ef th
fg/a' values.

We also repeat the exercise to derive how these wavelen
calibration uncertainties translate infar/a as described in
detail in sub-sectiofi 3.3 for the case when one uses for A
bration the ESO Th-Ar line table (Fifil 5 for UVES lamp uses
NOAO table). The result is shown in the lower left-hand side
panel of the FigJ7 for 100 realizations. The histogram shiown4.1. Re-analysis of the red sub-system in the UVES
the lower right-hand side panel shows that the fidutigla is data
distributed like a Gaussian. As a result, we can conclude tha . .
the Aa/a measurements in the literature (Chand et al. 2004I the analysis Of Chand et al (2004, 200%)/a is not ex-
2005, Quast et al. 2004) using the ESO Th-Ar line table, sholl icitly used as fitting parameter. InstegélversusAe/a curve

not be significantly iected by this possible svstematitest, 'S used to get the best fitted value &% /a . However, Quast
gnif 4 ythis possi y et al. (2004) use the \Voigt profile analysis keepixg/a also

as a fitting parameter in addition t, b andz Chand et al.
(2005), using analytic calculations, have shown that boéh t
approaches should give the same result. Here we check this by
In this section we present the results on the measurement&#nalysing the absorption lines of thgs = 1.1508 system
A/ using the HARPS and UVES spectra. The details of tiieward HE 05154414 usinge? versusAa/a curve.

analysis used here, validation of the procedure using sitad! The absorption lines of this system is spread over about
spectra and the error budget frorfi analysis can be found in 730 km st (Quast et al. 2004). We have divided the whole sys-
Chand et al. (2004, 2005). Here, we mainly concentrate ont@m in two well detached blue and red sub-systems. The blue
comparing the methods used by Chand et al. (2004, 2005stth-system covers the velocity rangg70 to—100 km s and
deriveAa/a with that used by Quast et al. (2004) and (ii) unthe red sub-system covers the velocity rangg0 to +110
derstanding thefiect of the decomposition of the absorptiokkm st with respect taz.ps=1.1508. Our best fit Voigt-profiles
profiles into multiple narrow Voigt-profile. to the blue and red sub-system using the UVES spectrum, is

4. Analysis
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Fig. 8. The figure shows the velocity plot of observed profiles (datats with error-bars) together with the best fitted Voigt-
profile for Aa/a = 0 over plotted as a solid curve, to the blue (left-hand sideefs and red-subsystem (right-hand side panels)
of the z,,s=1.1508 in the UVES spectrum. The dotted and dashed veriiegd bre respectively the locations of the individual
components obtained in this study and that of Quast et ad4R0

shown respectively in the left and right-hand side panels pbsition of the minimum in thg? curve remains uncertain
Fig.[E. The vertical dotted lines are best fitted velocity eontill either we smooth the curve or fit some smoothing poly-
ponents obtained in this study and the long dashed verticaimial to it. Therefore we have fitted a polynomial function
lines mark the velocity components of the Quast et al. (2004f 4th order minimizing the rms deviation. The best fit of the
Apart form the component around 90 km st , we find al- y? curve is shown by the solid line (left-hand side panel of
most perfect matching between the components obtained wily. [d). Its minimum gives\a/a = (0.10+ 0.22)x 107°, us-
two different fitting codes. The variation @f as a function ing Xﬁin + 1 statistics. The derived position of the minimum
of Aa/a using this initial fit (Fig.[B) is shown in the left- does not depart significantly when we use a 2nd or 3rd or-
hand side panel of Figl 9. The scatter seen in¢heurve der polynomial fit to the/? data points. Our best fitted value,
is mainly due to low column density of many components ila/a = (0.10+ 0.22) x 107, is very much consistent with that
blue sub-system (see the discussion in Chand et al. 2004). ©btained by Quast et al. (2008 ¢/a =[0.01+ 0.17]x 107°).
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Fig.9. The dotted curve in both the panels indicates the variatbpd as a function oAa/« as measured using the UVES (left
panel) and HARPS (right panel) spectra. The solid curvete@blynomial fit to these curve obtain using rms minimizatio
avoid local fluctuations. Dark rectangles with error baiiéate the position of the minimum with one sigma error-baaoted
from)(ﬁqin + 1 statistics. Thg? curve in the left-hand side panel is derived based on thialifiitof UVES data shown in Fidl8,
while the curve in the right-hand side panel is obtained bggisimultaneously the initial fit of HARPS data shown in FIg

and Fig[IB.
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Fig. 10. Comparison of parameters derived for individual composi&oim the fit of the UVES spectrum in this study and that
of Quast et al. (2004).

The best fitted column densities and Doppler parameters in the analysis used by us in Chand et al (2004, 2005) produces

dividual components also agree well (see Eig. 10). The targmnsistent results.

errors in the measured quantities in the present study islynai  In addition we have also performed the analysis of UVES

due to higher values of the error assigned to the flux in indivispectra by excluding the weaker kédines from the blue sub-

ual pixels. Thus the analysis presented here clearly shuats tsystem and heavily saturated strong 1812383,2600 lines
from the red-subsystem, (see discussion in Chand et al)2004
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Fig. 11. Absorption profiles in the red sub-system of thg;= 1.1508 DLA toward HE 05154414 as observed with HARPS
and UVES plotted on a velocity scale. The normalized UVESBpe is shifted in the y-direction by one unit for the sake of
clarity. The data points with error-bars correspond to theeoved spectra. Over plotted as a solid curve is the begt-Woofile

fit based on the UVES data alone (same as in right-hand siddpahFig.[8). For HARPS data the fit based on UVES data
has been convolved with HARPS instrumental profile. The &glemonstrates the requirement for extra components, @sravi
from the higher spectral resolution HARPS spectrum (seeXample region around20 to 30 kms ™).

In this case thg? curve is found relatively less fluctuating ast.2. Aa/a from the HARPS data
compare to the left-hand side panel of . 9, and has rekulte

in Aa/a = (0.00+ 0.26)x 10°°. The decomposition of the absorption profiles in sub-
components is expected to be better defined from the HARPS
spectrum because of its superior spectral resolution.dEl
we compare the profiles of the Relines in the red sub-
system as observed with HARPS and UVES. The best multi-
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Fig. 12. Absorption profiles in the blue sub-system of thg,=1.1508 on a velocity scale. The normalized UVES spectrum is
shifted by unity for better visualization. The data poinihverror-bars correspond to the observed spectra. Ovéeglas solid
curves are the best Voigt-profile fits/ak /o = 0. The Voigt-profile fits of both the HARPS and UVES data, shtnere are based
on the component structure derived by imposing the condttiat the HARPSR = 112000) as well as the UVER(= 55,000

and better 8N) data should be fitted with parameters that are consistéhteach others. The dotted vertical lines mark the
positions of components required to fit the HARPS data. Tiok titks mark the position of components as is derived utieg
UVES data alone (Fid8)

component Voigt-profiles fit using the UVES spectrum alone Our best-fit Voigt-profile components that simultaneously
is over plotted. To fit the HARPS data we need additionét the HARPS and UVES spectra are shown in EIgCIR,13 re-
components, as is apparent in the region aroud@ to +30 spectively for the blue and red sub-systems. The best-fit pa-
km s* where consistent fierences are seen for all profilesameters are listed in TablEl 1. The component identifinatio
between the HARPS spectrum and the fit to the UVES datamber (C.N), redshiftZ], velocity dispersionlf), and Fen
alone. However, the UVES spectrum has the advantage of hewtumn density ), for each component are listed respectively
ing higher $N. Thus, in our analysis we fitted simultaneouslin columns 1, 2, 3 and 4. The last column of the table lists the
both HARPS and UVES data using the same component streglative velocity of the components with respectdg=1.1508.
ture and the appropriate instrumental functions. We iitféd-  We find that the blue and red sub-system (Eig[Cl2,13) require
ted the HARPS data and used the derived parameters to fittbgpectively 3 and 6 extra components compared to the min-
UVES data. The process was repeated until the residualg alonum number required to fit the UVES spectrum alone with
the profiles are symmetrically distributed around zero 4ned ty? = 1.
best-fit parameters from these two data sets are consisitbnt w We evaluate the best-fike/o value using the high res-
one another within measurement uncertainties. In thisoéser olution HARPS spectrum for the five main Felines and
we have not included the line k1608 (covered only in the the UVES spectrum for Fe11608 considering both the blue
UVES spectrum) so that our derived component structuretis mdd red sub-systems simultaneously. Here it should be noted
artificially bias towards\a/a = 0. that the Fei11608 is crucial forAa/a measurement due to

its opposite sensitivity foAa/a (negativeq codficient) com-
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Fig.13. Same as Fid. 12 for the red sub-system. In addition, the figlsteillustrate more clearly that the HARPS data require
more components (15 components, shown by dotted line) cardpa the UVES data alone (9 components, shown by thick
ticks). Also note that the fit shown for the UVES data is basedh@ component structure obtained in conjunction to HARPS
data. For comparison the component required to fit the UVESalane (from Fid8 right-hand side panels) are marked ik th
tick.

pared to the other main Relines. However as its observedratio and low column density of many components as can be
wavelength rangex( 3460A) is not covered by the HARPSseen from Tabl&l1 (see the discussion in Chand et al. 2004).
spectral coverage (3800 - 6900A), we have to use it from tfi@e continuous curve gives the 4th order polynomial fit to
UVES spectrum for constraining ther/« value. They? ver- the y? data points using rms minimisation. Its minimum gives
susAa/a curve is shown in the right-hand side panel of Elg. %e/e = (0.05+ 0.24)x 107, usingy?,, + 1 statistics. This
The scatter seen in the curve is mainly due to the low/S  result is consistent with the Quast et al. (2004) measuremen
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(Aa/a =[0.01+0.17]x 107°) based on the UVES spectrumand low 9N ratio, is similar to that obtained from the UVES
and lesser number of components. Thus in this particula capectrum, which is of lower resolution and highgNSatio.
lack of information on the additional components in the UVES®herefore, the improvement in the wavelength calibration a
spectrum does not seem tiexct the final result. curacy by an order of magnitude using HARPS will liEee-
tive to improve the constrain ofa/a only if high SN ratio
. . can also be obtained. This could be possible if an instrument
5. Result and discussion such as HARPS can be mounted on bigger telescopes.
In this paper, we present a very high resolution=R12,000)
spectrum of QSO HE 05151414 obtained using HARPS. WeA knowledaments
have used the high wavelength calibration accuracy and h|gF| 9
spectral resolution capabilities of HARPS to address tie f¢{C thanks CSIR, INDIA for the grant award No.
lowing issues. 9/545(18)2KI/EMR-I. RS and PPJ gratefully acknowledge
We compare the lamp spectra obtained with UVES as@ipport from the Indo-French Centre for the Promotion of
HARPS. Using cross-correlation analysis we show that apylvanced Research (Centre Franco-Indien pour la Promotion
possible relative shift between the two spectra are withif®2  de la Recherche Avancée) under contract No. 3004-3. P&J als
Using Gaussian fits to unblended lamp emission lines, we fitithnks IUCAA (Pune, India) for hospitality during the time
that the absolute wavelength calibration of HARPS is very rpart of this work was completed. RQ has been supported by
bust with rms deviation of 0.87 mA with respect to the wavehe DFG under Re3538.
lengths tabulated in Cuyper et al. (1998). This is about a fac
tor of 4 better than that of UVESs( = 4.08 mA, see Fig13).
Thus the small shifts noted between the HARPS and UVESTerences
lamp spectra are well within the typical wavelength caliioa Bahcall, J. N., Sargent, W. L. W. & Schmidt, M. 1967, ApJ, 1491
accuracy of UVES. We have derived the error/&m/a mea- Bahcall, J. N., Steinhardt, C. L., & Schlegel, D. 2004, Apd0,6620
surements due to the calibration accuracy alone. For UVES &hand, H., Srianand, R., Petitjean, P., Aracil, B., 2004,A0&17,
HARPS spectra this is found to be respectively 0.96x 107° 853
ando = 0.19x 107 for a typical system with three well de-Chand, H., Petitjean, P, Srianand, R., Aracil, B., 2005, A&80, 47
tached components. The value obtained for the UVES spectrighfngalur, J. N., Kanekar, N., 2003, Phys. Rev. Lett., 91302
is also consistent with that of HIRES (Murphy et al. 2003). SoWie, L. L., & Songaila, A., 1995, ApJ, 453, 596
This shows that HARPS is the ideal instrument for this kinéuyper, De- J.-P., Hensberge, H., 1998, A&AS, 128, 409
. arling, J., 2003, Phys. Rev. Lett., 91, 011301
of measureme_nt. Unfortunately it is mounted on the 3.6 mte arling, J., 2004, ApJ, 612, 58
scope at La _S|Ila and only HE 05%5414_|s bnght enough to pq |5 Varga, A., Reimers, D., Tytler, D., et al. 2000, AGA, 363
be observed in a reasonable amount of time. This shows as Wgllha, V. A., Flambaum, V. V., Kozlov, M. G. et al. 2002, Phigev
that the UVES spectra reduced (or calibrated) with the UVES A 66, 022501
pipeline and used in the literature to constrAiry« (Srianand Edléen, B. 1966, Metrologica, 2, 71
et al. 2004 and Chand et al. 2004, Quast et al. 2004, Chdristher, M et al., 2004, Phys. Rev. Lett., 92, 230802
et al. 2005) do not dier from major systematic error in theFuiji, Y, et al., 2000, Nucl. Phys. B, 573, 377
Wave|ength calibration. Griesmann U., & Kling, R., 2000, ApJ, 536, L113
We have obtained the accurate multi-component structdf@nekar, N., Chengalur, J. N., 2004, MNRAS, 350, L17
using the higher resolution data (R 112,000 for HARPS Levshakov, S. A. 1994, MNRAS, 269, 339 o
compared tox 55,000 for UVES). The best fit to the pro_Levshakov, S. A., Centuribn, M., Molaro, P., D’Odorico, S&A
. . . . 2005a, 434, 827
fl!es obtalned. by fitting simuitaneously the HARPS_ data (T:evshakov, S. A., Centurion, M., Molaro, P., D’Odorico, Reimers,
hlgher res_qlutlon) and the UVES data (of bett¢i $a'F|o) re- D., Quast, R., Pollmann, M., 2005b, ArXive Astrophysics e-
quire additional components as compared to the fit using the s rastro-pro5 11765
UVES data alone (Quast et al. 2004). Using this new SUrrion, H., Phys. Rev. Lett., 2003, 90, 150801
component decomposition and both HARPS and UVES dat#artinez, A. F., Vladilo, G., & Bonifacio, P. 2003, MSAIS, 352
we findAa/a = (0.05+ 0.24)x 107°. This is consistent with Martin, W. C, Zalubas, R., 1983, J. Phys. Chem. Ref. Data3232,
the results derived by Quast et al. (2004) from the UVES datsser, B., Michel, E., Samadi, R. et al. 2004, Messenger, 20
alone. Indeed, we have in addition re-analyzed the UVES dMarphy, M. T., Webb, J., Flambaum, V., Prochaska, J. X., & fé&/l
which was used in Quast et al. (2004) (without using the com- A. M. 2001a, MNRAS, 327, 1237
ponent structure from HARPS data), to estimate tiiece of Murphy, M. T., Webb, J., Flambaum, V,, Drinkwater, M. J., Cues,
different independent algorithms used to obtain error spectra, F., Wiklind, T. 2001b, MNRAS, 327, 1244
to combine the data, to fit the continuum and to fit the absonphy’ M. T., Webb, J. K., Flambaum, V. V. 2003, MNRAS, 345,
tion lines. We find that the best-fit parameters5 as We_II as tngrlén, G., 1973, Physica Scripta, 8, 249
Aa/a measurementA(a/a = [0.10+ O'Z_Z]X 10_)' obtained pgimer B. A. and Engleman, R., Jr., 1983, Atlas of the Thoriu
by our independent analysis, are consistent with that osQua  gpectrum, Los Alamos National Laboratory
etal. (2004) fa/a =[0.01+0.17]x 10°°). Petitjean, P., & Aracil, B. 2004, A&A, 422, 523
We note that the precision on tier/a measurement ob- petitjean, P., Ivanchik, A., Srianand, R., et al., 2004, CPRysique,
tained using the HARPS spectrum, which is of high resolution 5, 411
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Table 1. Results of the Voigt profile fit of Fe lines atzyn<= 1.1508 toward HE 05154414,

H. Chand et al.: Variation of the fine-structure constant

C.N Zabs b log[N(Fem)] va
(kms1) (cm2) (kms?1)

1 1146938+ 0.00000 1.70+0.22 1138+0.14 -53879+ 00.00

2 1146969+ 0.000098 234+0.25 1230+0.03 -53446+ 1371

3 1147008+ 0.00000 4.47+0.75 1190+0.06 -52902+ 00.00

4 1147117+ 0.001030 745+1.01 1201+0.04 -51380x 1437

5 1147169+ 0.000410 425+0.88 1158+0.09 -50654+57.27

6 1147249+ 0.000106 463+0.22 1192+0.04 -49537+14.83

7 1147312+ 0.00000 4.90+0.45 1123+0.17 -48657 +00.00

8 1147416+ 0.000096 470+0.19 1193+0.04 -47205+ 1333

9 1147587+ 0.000255 449+0.67 1124+0.15 -44818+ 3565
10 1147809+ 0.000113 3A7+022 1191+0.04 -41719+1584
11 1147911+ 0.000133 339+0.25 1181+0.04 -40296+ 1858
12 1147980+ 0.000215 375+057 1212+0.10 -39333+ 3004
13 1148101+ 0.000543 499+1.12 1175+0.07 -37644+ 7584
14 1148501+ 0.000218 752+0.44 1156+0.10 -32062+ 3047
15 1148783+ 0.000287 297+0.57 1109+0.18 -28127+40.03
16 1149088+ 0.000096 211+0.21 1244+0.03 -23872+1332
17 1149112+ 0.000057 646+0.11 1252+0.03 -23538+ 07.97
18 1149489+ 0.000398 430+ 0.43 1203+0.03 -18279+ 5550
19 1149547+ 0.000470 550+ 0.53 1220+0.02 -17470=+ 6555
20 1149817+ 0.000061 414+0.12 1208+ 0.03 -13705+ 0856
21 1149915+ 0.000108 512+0.21 1201+0.03 -12338+ 1502
22 1150548+ 0.00000 0.26+0.0f 1121+0.16 —3513+00.00
23 1150659+ 0.00000 17.85+0.0f 1221+0.06 —19.65=+ 00.00
24 1150688+ 0.000107 208+0.18 1258+0.02 -1561+ 1494
25 1150747+ 0.00000 4.62+0.78 1247+0.32 —~7.39+ 00.00
26 1150792+ 0.000102 195+0.18 1326+ 0.03 -1.11+ 1420
27 1150819+ 0.00000 8.16+1.67 1346+ 0.07 265+ 00.00
28 1150864+ 0.000126 107+0.25 1288+ 0.05 892+ 1753
29 1150903+ 0.00000 3.65+2.03 1258+0.37 1436 + 00.00
30 1150962+ 0.000190 421+0.21 1347+0.03 2258 + 26.50
31 1151063+ 0.000207 668+0.39 1309+ 0.02 3666 + 28.89
32 1151113+ 0.00000 6.00+1.61 1234+0.11 4363+ 00.00
33 1151152+ 0.00000 3.37+0.83 1225+ 0.08 4906 + 00.00
34 1151218+ 0.000235 713+0.38 1329+ 0.02 5826 + 32.68
35 1151314+ 0.000158 621+0.17 1356+ 0.02 7164 + 22.06
36 1151406+ 0.00000 1540+0.0° 1272+ 0.02 8446 + 00.00

‘@ relative velocity with respect ta,,s = 1.1508.
‘7" The redshift ¢) of these components are kept fixed.
“* The Doppler parameteh, of these components are kept fixed.
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