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Abstract

The [O,{111}],$ $4960, 5008 EMISSION LINES IN THE OPTICAL SPECTRA OF
GALAXIES AND QUASARS HAVE BEEN WIDELY USED TO INVESTIGATE THE POS-
SIBLE VARIATION OF THE FINE-STRUCTURE CONSTANT « OVER COSMIC TIME.
IN THIS WORK, WE UTILIZE THE LARGE SKY AREA MULTI-OBJECT FIBER
SPECTROSCOPIC TELESCOPE (LAMOST) QUASAR SURVEY, FOR THE FIRST
TIME, TO MEASURE THE RELATIVE & VARIATION Aa/« IN TIME THROUGH THE
[O,{111}] DOUBLET METHOD. FROM THE LAMOST DATA RELEASE 9 QUASAR
CATALOG, WE REFINE A SAMPLE OF 209 QUASAR SPECTRA WITH STRONG AND
NARROW [O,{111}] EMISSION LINES OVER A REDSHIFT RANGE OF 0 < z < 0.8.
ANALYSIS ON ALL OF THE 209 SPECTRA OBTAINS Aa/a = (0.5 +3.7) x 1074,
WHICH SUGGESTS THAT THERE IS NO EVIDENCE OF VARYING « ON THE EX-
PLORED COSMOLOGICAL TIMESCALES. ASSUMING A LINEAR VARIATION, THE
MEAN RATE OF CHANGE IN Aa/a IS LIMITED TO BE (—3.4 +2.4) x 10713 yr~?
IN THE LAST 7.0,GYR. WHILE OUR LAMOST-BASED CONSTRAINT ON A«a/«
IS NOT COMPETITIVE WITH THOSE OF THE SLOAN DIGITAL SKY SURVEY
(SDSS) QUASAR OBSERVATIONS, OUR ANALYSIS SERVES TO CORROBORATE
THE RESULTS OF SDSS WITH ANOTHER INDEPENDENT SURVEY.
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Abstract

THE [O III] A$ $4960, 5008 EMISSION LINES IN THE OPTICAL SPECTRA OF
GALAXIES AND QUASARS HAVE BEEN WIDELY USED TO INVESTIGATE THE POS-
SIBLE VARIATION OF THE FINE-STRUCTURE CONSTANT & OVER COSMIC TIME.
IN THIS WORK, WE UTILIZE THE LARGE SKY AREA MULTI-OBJECT FIBER
SPECTROSCOPIC TELESCOPE (LAMOST) QUASAR SURVEY, FOR THE FIRST
TIME, TO MEASURE THE RELATIVE o VARIATION Aq/c IN TIME THROUGH THE
[O III] DOUBLET METHOD. FROM THE LAMOST DATA RELEASE 9 QUASAR
CATALOG, WE REFINE A SAMPLE OF 209 QUASAR SPECTRA WITH STRONG
AND NARROW [O III] EMISSION LINES OVER A REDSHIFT RANGE OF 0 < Z
< 0.8. ANALYSIS ON ALL OF THE 209 SPECTRA OBTAINS Aa/a = (0.5 £
3.7) x 107%, WHICH SUGGESTS THAT THERE IS NO EVIDENCE OF VARYING «
ON THE EXPLORED COSMOLOGICAL TIMESCALES. ASSUMING A LINEAR VARIA-
TION, THE MEAN RATE OF CHANGE IN Aa/q IS LIMITED TO BE (—3.4 £ 2.4)
x 10713 yR™! IN THE LAST 7.0 GYR. WHILE OUR LAMOST-BASED CON-
STRAINT ON Aa;/a IS NOT COMPETITIVE WITH THOSE OF THE SLOAN DIGITAL
SKY SURVEY (SDSS) QUASAR OBSERVATIONS, OUR ANALYSIS SERVES TO COR-
ROBORATE THE RESULTS OF SDSS WITH ANOTHER INDEPENDENT SURVEY.
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1. Introduction

FUNDAMENTAL PHYSICAL CONSTANTS ARE ASSUMED TO BE UNIVERSAL AND
CONSTANT UNDER THE CURRENT STANDARD MODEL OF PARTICLE PHYSICS.
HOWEVER, SOME MODERN THEORIES BEYOND THE STANDARD MODEL PRE-
DICT THAT THE FUNDAMENTAL CONSTANTS OF NATURE MAY VARY ACROSS
SPACE AND TIME (MARTINS 2017). IN THE LAST FEW DECADES, MANY EF-
FORTS HAVE BEEN DEVOTED TO SEARCHING FOR POSSIBLE VARIATIONS OF
THESE CONSTANTS, EITHER THROUGH LABORATORY EXPERIMENTS OR ASTRO-
PHYSICAL OBSERVATIONS (SEE UzAN 2003, 2011 FOR A REVIEW).

ONE OF THE PARTICULARLY INTERESTING FUNDAMENTAL CONSTANTS IS THE
FINE-STRUCTURE CONSTANT «, DEFINED BY « E?/(4m (HC), WHERE E, ,
H#, AND C ARE THE ELECTRON CHARGE, THE PERMITTIVITY OF FREE SPACE,
REDUCED PLANCK CONSTANT, AND SPEED OF LIGHT IN VACUUM, RESPEC-
TIVELY. IT IS A DIMENSIONLESS PHYSICAL CONSTANT THAT CHARACTERIZES
THE STRENGTH OF THE ELECTROMAGNETIC FORCE BETWEEN ELECTRICALLY
CHARGED PARTICLES. ANY POSSIBLE VARIATIONS IN & COULD INDICATE THAT
THE LAWS OF PHYSICS ARE NOT THE SAME EVERYWHERE IN THE UNIVERSE OR
HAVE CHANGED OVER TIME. THIS CHALLENGES THE ASSUMPTION OF THE CON-
STANCY OF PHYSICAL LAWS, WHICH IS A CORNERSTONE OF MODERN PHYSICS.
MOREOVER, VARIATIONS IN o COULD IMPLY THE EXISTENCE OF NEW PHYSICS
BEYOND THE STANDARD MODEL, SUCH AS EXTRA DIMENSIONS OR VARYING
SCALAR FIELDS. THIS WOULD HAVE PROFOUND IMPLICATIONS FOR OUR UN-
DERSTANDING OF THE UNIVERSE. BY STUDYING POTENTIAL VARIATIONS IN
o, PHYSICISTS AND ASTRONOMERS CAN EXAMINE THE ROBUSTNESS OF THE
FUNDAMENTAL LAWS OF NATURE, TEST ALTERNATIVE COSMOLOGICAL MOD-
ELS THAT ACCOUNT FOR VARYING « (MARTINS & PINHO 2015; MARTINS ET
AL. 2015), AND POTENTIALLY UNCOVER NEW ASPECTS OF THE UNIVERSE S
UNDERLYING STRUCTURE (MOTA & BARROW 2004).

THE FUNDAMENTAL CONSTANT < ALSO QUANTIFIES THE SEPARATION IN THE
FINE-STRUCTURE OF ATOMIC SPECTRAL LINES (E.G., DZUBA ET AL. 19994;
UzAN 2003). ANY RELATIVE a VARIATION (L.E., Aa/a) OVER TIME CAN
THEREFORE BE MEASURED DIRECTLY BY COMPARING THE WAVELENGTHS OF
FINE-STRUCTURE SPLITTING OF ATOMIC LINES AT TWO DIFFERENT EPOCHS.
ASTROPHYSICAL SPECTRA INVOLVING LONG LOOK-BACK TIMES HAVE BEEN
WIDELY USED TO INVESTIGATE THE POSSIBLE VARIATION OF «. THE FIRST
MEASUREMENTS ON THE & VARIATION FROM ASTRONOMICAL SPECTROSCOPY
REACHED AN ACCURACY OF Aa/a 1072-1073 (SAVEDOFF 1956; BAHCALL &
SALPETER 1965; BAHCALL & SCHMIDT 1967; BAHCALL ET AL. 1967). SINCE
THEN, THE METHODOLOGIES FOR ANALYZING SPECTRA AND OUR UNDERSTAND-
ING OF SYSTEMATIC ERRORS HAVE IMPROVED SIGNIFICANTLY. AT PRESENT,
THERE ARE TWO MAIN METHODS TO MEASURE THE RELATIVE SEPARATION
OF ABSORPTION LINES IN THE SPECTRA OF QUASARS: THE ALKALI-DOUBLET
(AD) METHOD (BAHCALL ET AL. 1967) AND THE MANY-MULTIPLET (MM)
METHOD (DZUBA ET AL. 1999B; WEBB ET AL. 1999).
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IN THE AD METHOD, THE ADOPTED QUASAR ABSORPTION LINES WERE MAINLY
FINE-STRUCTURE DOUBLET LINES, SUCH ASs C IV, N V, Mg II, AND S1 IV
(E.G., POTEKHIN & VARSHALOVICH 1994; COWIE & SONGAILA 1995; MUR-
PHY ET AL. 2001B; CHAND ET AL. 2005). THE CURRENT BEST CONSTRAINTS
OBTAINED USING THE AD METHOD ARE THOSE BASED ON THE ANALYSIS OF
St IV ABSORPTION LINES, YIELDING Aa/a = (1.5 + 4.3) x 1075 OVER A
REDSHIFT RANGE OF 1.59 < z < 2.92 (CHAND ET AL. 2005). THE MM
METHOD SIMULTANEOUSLY ANALYZES ALL (OR MOST) DOUBLETS OF MANY
ATOMIC SPECIES, THEREBY ACHIEVING A HIGHER PRECISION COMPARED TO
THE AD METHOD. USING THE MM METHOD, SOME EARLY WORKS CLAIMED
TO HAVE FOUND TENTATIVE EVIDENCE FOR VARIATION OF o AT A LEVEL
oF Aa/a (1-10) x 107% (E.c., MURPHY ET AL. 20014, 2003; WEBB ET
AL. 2001, 2011). HOWEVER, SUBSEQUENT WORKS INDICATED THAT SUCH
VARIATIONS WERE LIKELY TO BE CAUSED BY WAVELENGTH DISTORTIONS AND
OTHER SYSTEMATIC EFFECTS (E.G., EVANS ET AL. 2014; WHITMORE & MUR-
pHY 2015). RECENTLY, MURPHY ET AL. (2022) APPLIED THE MM METHOD
TO THE ABSORPTION SPECTRA OF NEARBY STAR TWINS WITHIN 50 PC, AND
FOUND NO VARIATIONS IN @ WITH A PRECISION OF 5.0 x 107%. ALTHOUGH
MORE PRECISE, THE MM METHOD STILL SUFFERS FROM A NUMBER OF UN-
CERTAINTIES (SEE WEBB ET AL. 2022 FOR A RECENT REVIEW), WHICH MAY
ARISE FROM THE TECHNIQUES FOR CORRECTING WAVELENGTH DISTORTION
(DuMoONT & WEBB 2017), THE ASSUMPTIONS UNDERLYING THE VOIGT FIT-
TING TECHNIQUE (LEVSHAKOV 2004), THE TECHNICAL DETAILS OF PROFILE
FITTING (BAINBRIDGE & WEBB 2017; LEE ET AL. 2023), UNCONSIDERED
SYSTEMATIC ERRORS (LEE ET AL. 2021), AND OTHER FACTORS. THESE UN-
CERTAINTIES MAY INDUCE BIASES ON THE VALUES OF Aa/a AND UNDERESTI-
MATIONS OF THEIR ERRORS. THUS, DIFFERENT METHODS ARE ENCOURAGED
TO CROSS-CHECK THE RESULTS OF THE MM METHOD.

IN THIS WORK, WE EMPLOY THE METHOD BASED ON THE [O III] EMISSION
LINES, FIRST PROPOSED BY BAHCALL & SALPETER (1965), TO CONSTRAIN
POSSIBLE VARIATIONS IN «. SINCE THE [O III] DOUBLET METHOD RELIES
ONLY ON A PAIR OF LINES, THE LIMITS ON Aa/a ARE NOT AS STRINGENT
AS THOSE OBTAINED WITH THE MM METHOD BUT HAVE THE ADVANTAGE OF
BEING MORE TRANSPARENT AND LESS SUBJECT TO SYSTEMATICS. THE [O III]
A$ $4960, 5008 DOUBLET LINES ORIGINATE IN THE DOWNWARD TRANSITIONS
FROM THE SAME UPPER ENERGY LEVEL OF THE SAME ION, SO NO ASSUMP-
TIONS ON IONIZATION STATE, CHEMICAL COMPOSITION, OR DISTRIBUTION OF
ENERCY LEVELS ARE REQUIRED IN PRACTICE. THE [O I1I] DOUBLET METHOD
THEREFORE REPRESENTS AN EXCELLENT ALTERNATIVE FOR MEASURING THE
@ VARIATION ON A FIRM BASIS. THE A«/a CONSTRAINTS OBTAINED BY RE-
CENT WORKS BASED ON THE [O III] EMISSION LINES ARE SUMMARIZED AS
FOLLOWS. BY ANALYZING 42 QUASAR SPECTRA FROM THE EARLY DATA RE-
LEASE OF SLOAN DIGITAL SKY SURVEY (SDSS), BAHCALL ET AL. (2004)
DERIVED Aa/a = (0.7 + 1.4) x 107 OVER THE RANGE 0.16 < z < 0.8.
GUTIERREZ & LOPEZ-CORREDOIRA (2010) OBTAINED Aca/a = (2.4 £+ 2.5)
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x 107 USING 1568 QUASAR SPECTRA AT 0.0 < Z < 0.8 FROM SDSS DaATa
RELEASE 6 (DR6). RAHMANI ET AL. (2014) DERIVED Aca/a = (—2.1 £
1.6) x 1075 USING 2347 QUASAR SPECTRA AT 0.02 < z < 0.74 FROM SDSS
DR7. ALBARETI ET AL. (2015) OBTAINED Aca/a = (0.9 + 1.8) x 107°
USING 13,175 QUASAR SPECTRA AT 0.04 < z < 1.0 FrROM SDSS DR12. L1
ET AL. (2024) ANALYZED 40 SPECTRA OF LYo EMITTING GALAXIES AND 46
SPECTRA OF QUASARS AT 1.09 < z < 3.73 USING THE VLT/X-SHOOTER
SPECTRA PUBLICLY AVAILABLE, FROM WHICH THEY YIELDED Aa/a = (—3 +
6) x 107°. JIANG ET AL. (2024A) MEASURED Aa/a = (2 3) x 107° BY
UTILIZING 110,000 [O III] EMISSION-LINE GALAXIES AT 0 < Z < 0.95 FROM
THE DARK ENERGY SPECTROSCOPIC INSTRUMENT. JIANG ET AL. (2024B)
OBTAINED Aa/a = (0.4 £ 0.7) x 107* using 572 JWST SPECTRA FROM
522 [O III] EMISSION-LINE GALAXIES AT 3 < Z < 10. IN ADDITION TO THE [O
III] EMISSION LINES, OTHER EMISSION DOUBLETS, SUCH AS [NE III] A$ $3869,
3968 AND [S II] A$ $6717, 6731, HAVE ALSO BEEN USED TO EXPLORE THE
« VARIATION (E.G., GUTIERREZ & LOPEZ-CORREDOIRA 2010; ALBARETI ET
AL. 2015). HOWEVER, THE LIMITS OF THEIR ACCURACY ARE WORSE, BE-
CAUSE ALL THESE DOUBLETS IN QUASARS ARE FAINTER THAN [O III] AND
SOME OF THEM ARE AFFECTED BY SYSTEMATIC ERRORS.

RECENTLY, THE LARGE SKY AREA MULTI-OBJECT FIBER SPECTROSCOPIC
TELESCOPE (LAMOST) RELEASED THE RESULTS OF ITS 9 YR QUASAR SUR-
VEY (JIN ET AL. 2023). HERE, WE USE THE LATEST LAMOST DR9 QUASAR
SAMPLE, FOR THE FIRST TIME, TO MEASURE THE TIME VARIATION OF «
THROUGH THE [O III] DOUBLET METHOD. OUR ANALYSIS CAN SERVE TO
CORROBORATE PREVIOUS RESULTS OF SDSS WITH ANOTHER INDEPENDENT
SURVEY, THEREBY DISCARDING POSSIBLE SYSTEMATIC ERRORS IN THE WAVE-
LENGTH CALIBRATION OF QUASAR SPECTRA IN SDSS. THE REST OF THIS PA-
PER IS ORGANIZED AS FOLLOWS. IN SECTION 2, WE INTRODUCE OUR QUASAR
SAMPLE AND SPECTROSCOPIC DATA. OUR RESULTING CONSTRAINTS ON Aa/«a
ARE THEN PRESENTED IN SECTION 3. FINALLY, A BRIEF SUMMARY AND DIS-
CUSSIONS ARE DRAWN IN SECTION 4.

2. LAMOST Data and Wavelength Measurements

IN THIS SECTION, WE WILL FIRST CLARIFY WHY THE [O III] DOUBLET CAN
PROVIDE AN IDEAL TESTBED FOR MEASURING THE « VARIATION. WE WILL
THEN DESCRIBE THE LAMOST QUASAR SURVEY AND THE REFINED SAMPLE
USED FOR OUR ANALYSIS. FINALLY, WE WILL INTRODUCE THE MEASUREMENTS
OF EMISSION-LINE WAVELENGTHS IN DETAIL.

2.1. [O III] Doublet as a Testbed for Varying «

THE VARIATION IN THE FINE-STRUCTURE CONSTANT « CAN BE MEASURED
THROUGH THE WAVELENGTH SEPARATION OF ABSORPTION OR EMISSION MUL-
TIPLETS IN THE QUASAR SPECTRA AS (UzAN 2003)
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Aa (Aa/A1): — Mo/ M)

o (A2/A1)o

WHERE A; AND Ay ARE THE SHORTER AND LONGER WAVELENGTHS OF THE
PAIRS OF THE DOUBLET, AND THE SUBSCRIPTS 0 AND Z STAND FOR THE WAVE-
LENGTH VALUES AT REDSHIFT ZERO (LABORATORY VALUES) AND AT REDSHIFT
Z, RESPECTIVELY. THE PRESENT-DAY VACUUM WAVELENGTHS OF THE [O III]
DOUBLET LINES ARE \,(0) = 4960.295 A AND )\,(0) = 5008.240 A, RE-
SPECTIVELY. CONCERNING EMISSION LINES, THE [O III] DOUBLET IS THE
MOST SUITABLE PAIR OF LINES FOR MEASURING Aca/«. THE REASONS ARE
AS FOLLOWS.

FIRST, THE DOUBLET LINES HAVE A WIDE WAVELENGTH SEPARATION, REP-
RESENTING ALMOST ONE ORDER OF MAGNITUDE WIDER THAN MOST OF THE
FINE-STRUCTURE DOUBLETS. NOTE THAT THE SENSITIVITY OF Aa/a IS POS-
ITIVELY RELATED TO THE WAVELENGTH SEPARATION. FOR ILLUSTRATIVE
PURPOSES, EQUATION (1) CAN BE APPROXIMATED AS Aa/a 0.5 x §/AN,
WHERE § = AX_7/(1 4+ Z) — A\, DENOTES THE DIFFERENCE BETWEEN THE
MEASURED WAVELENGTH SEPARATION AT REDSHIFT Z IN REST FRAME AND
THE LOCAL ONE. IT IS OBVIOUS FROM THIS FORMULA THAT A DIFFERENCE
OoF § = 0.01 A ror [O IIT] IMPLIES Aa/a  107%. THAT IS, A STATISTICAL
OR SYSTEMATIC UNCERTAINTY OF 0.01 A PLACES A MEASURING PRECISION
oF Aa/a 1074

SECOND, THE [O III] DOUBLET OFTEN APPEARS IN QUASAR SPECTRA WITH
RELATIVELY HIGH SIGNAL-TO-NOISE RATIO (S/N). COMPARED TO OTHER
DOUBLETS, IT IS EASIER TO EXTRACT THE WAVELENGTH VALUES OF THE
[O III] LINES, WHICH IS CRUCIAL FOR THE A/ CONSTRAINT.

2.2. LAMOST Quasar Survey and Sample Selection

LAMOST, ALSO CALLED THE GUOSHOUJING TELESCOPE, IS A SPECIAL QUASI-
MERIDIAN REFLECTING SCHMIDT TELESCOPE LOCATED AT XINGLONG OBSER-
VATORY, CHINA (WANG ET AL. 1996; Su & Cur 2004; Cur ET AL. 2012;
ZHAO ET AL. 2012). THE AVAILABLE LARGE FOCAL SURFACE IS CIRCULAR
WITH A DIAMETER OF 1.75 M ( 5° FIELD OF VIEW), AND 4000 FIBERS ARE
ALMOST UNIFORMLY DISTRIBUTED OVER IT. EACH SPECTRUM OBTAINED BY
LAMOST 1S DIVIDED INTO TWO CHANNELS (BLUE AND RED) WHOSE WAVE-
LENGTH COVERAGE IS 3700-5900 A AND 5700-9000 A, RESPECTIVELY, WITH
AN OVERLAPPING REGION AT 5700-5900 A. THE SPECTRA HAVE A RESOLU-
TION OF R 1000-2000 OVER THE ENTIRE WAVELENGTH RANGE.

AFTER THE TWO YEAR COMMISSIONING PERIOD, A PILOT SPECTROSCOPIC SUR-
VEY WITH LAMOST WAS CONDUCTED BETWEEN 2011 OCTOBER AND 2012
JUuNE (Luo ET AL. 2012). THE LAMOST REGULAR SURVEY OFFICIALLY
BEGINS IN 2012 SEPTEMBER, WHICH CONSISTS OF TWO MAIN TASKS (ZHAO
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ET AL. 2012): THE LAMOST EXPERIMENT FOR GALACTIC UNDERSTANDING
AND EXPLORATION SURVEY (LEGUE), AND THE LAMOST EXTRAGALAC-
TIC SURVEY (LEGAS). THE LAMOST QUASAR SURVEY IS AFFILIATED WITH
LEGAS. DESPITE ONLY A SMALL PORTION OF THE OBSERVATION TIME BEING
USED TO SEARCH FOR QUASARS DUE TO THE LIMITATIONS OF THE OBSERVA-
TION SITE (E.G., BAD WEATHER, POOR SEEING, AND BRIGHT BACKGROUND),
A TOTAL OF 56,175 QUASARS HAVE ALREADY BEEN IDENTIFIED BY LAM-
OST, 24,127 OF WHICH WERE NEWLY DISCOVERED, DURING THE FIRST 9 YR
QUASAR SURVEY (JIN ET AL. 2023).

IN THIS WORK, WE MAKE USE OF THE LAMOST LOW RESOLUTION CATALOG
OF EMISSION-LINE FEATURES OF QUASARS TO INVESTIGATE THE POSSIBLE
VARIATION OF « OVER COSMIC TIME. ALL THE QUASAR SPECTRA USED FOR
OUR ANALYSIS ARE DOWNLOADED FROM LAMOST’ $ OFFICIAL WEBSITE. IN
ORDER TO EFFECTIVELY REFINE THE FINAL SAMPLE FROM THE LAMOST
DR9 CATALOG, OUR SAMPLE SELECTION CRITERIA INCLUDE THE FOLLOWING
ASPECTS. FIRST, THOSE QUASARS WITH REDSHIFTS $ $0.8 ARE SELECTED.
THIS RESTRICTION IS IMPOSED BY THE WAVELENGTH RANGE OF THE LAM-
OST SPECTROGRAPH (3700-9000 A) AND THE WAVELENGTH POSITIONS OF
THE [O III] A$ $4960, 5008 DOUBLET LINES. THIS CRITERION REDUCES
THE SAMPLE DOWN TO 16,902 QUASARS. SECOND, THOSE TARGETS WITH
STRONG [O III] EMISSION LINES ARE SELECTED. SINCE THE $ $4960 LINE
IS ALWAYS WEAKER THAN THE $ $5008 LINE, THE SELECTION OF THE FI-
NAL SAMPLE IS DETERMINED MAINLY ON THE BASIS OF THE STRENGTH OF THE
$ 4960line. W erequirethepeak fluxdensityo ftheweakerOI1Iline(4960)tobelargerthan10™{-
19}$ BrG s7' cM™2 A~! AnD 1S S/N[O III] 4960 TO BE ABOVE 3. THIS
CRITERION SIGNIFICANTLY REDUCES THE SAMPLE FROM 16,902 TO 373
OBJECTS.  THIRD, THOSE TARGETS WITH HIGH GOODNESS-OF-FIT ARE
SELECTED. OWING TO THE LOW RESOLUTION MODE OF THE LAMOST
QUASAR SURVEY, THERE ARE SOME SCENARIOS IN WHICH THE GAUSSIAN
FITS TO THE SPECTRAL LINES DO NOT CONVERGE. THIS CRITERION CAUSES
US TO FURTHER DISCARD 164 SPECTRA. HENCE, THERE ARE 209 REMAINING
QUASAR SPECTRA IN OUR FINAL SAMPLE.

2.3. Measurements of Emission-line Wavelengths

THE EMISSION-LINE PROPERTIES OF THE [O III] DOUBLET CAN BE MEA-
SURED BY FITTING THE LAMOST RELEASED SPECTRA. FOLLOWING JIN
ET AL. (2023), WE ADOPT THE PUBLICLY AVAILABLE PYTHON CODE (PYQ-
SOFIT; GUO ET AL. 2018) AND ITS EXTENDED PACKAGE (QSOFITMORE;
Fu 2021) TO FIT THE SPECTRA. WITH THE ESTIMATED UNCERTAINTIES
OF THE PIXELS DERIVED FROM THE REDUCTION PIPELINE, THE PYQSOFIT
CODE PERFORMS THE 2 FITS. BEFORE THE FITTING, EACH QUASAR SPECTRUM
SHOULD BE CORRECTED FOR GALACTIC EXTINCTION USING THE REDDENING
MAP OF SCHLEGEL ET AL. (1998) WITH AN EXTINCTION CURVE OF R_V =
3.1 (FITZPATRICK 1999). AFTER THE EXTINCTION CORRECTION, THE SPEC-
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TRUM IS THEN TRANSFORMED INTO THE REST FRAME BY USING THE REDSHIFT
Z.

WE ESTIMATE THE CONTINUUM BY FITTING A BROKEN POWER LAW (F__{BPL})
AND AN IRON MODEL (F_ {FE} II) TO THE REST-FRAME SPECTRUM, MASKING
THOSE WAVELENGTH WINDOWS THAT CONTAIN QUASAR EMISSION LINES AND
THE LAMOST SPECTRAL OVERLAPPING REGION. BASED ON THE ANALYSIS
RESULT OF THE MEAN COMPOSITE QUASAR SPECTRA OBTAINED BY VANDEN
BERK ET AL. (2001), WE FIX THE INFLECTION POINT OF THE BROKEN POWER
LAW AT 4661 A IN REST FRAME. MANY PREVIOUS STUDIES HAVE FOUND THAT
A SUDDEN SLOPE CHANGE OCCURS AT 5000 A IN THE QUASAR CONTINUUM
(E.G., WILLS ET AL. 1985; VANDEN BERK ET AL. 2001). THERE ARE TWO
POSSIBLE REASONS FOR THE STEEPER SLOPE AT LONGER WAVELENGTHS. ONE
PROBABLE REASON IS THE NEAR-INFRARED INFLECTION CAUSED BY HOT DUST
EMISSION (ELvIS ET AL. 1994). ANOTHER REASON MAY BE THE CONTAMI-
NATION FROM LOW-REDSHIFT HOST GALAXIES, WHICH WOULD CONTRIBUTE A
LARGER PROPORTION AT LONGER WAVELENGTHS (SEROTE ROOS ET AL. 1998;
VANDEN BERK ET AL. 2001). BESIDES THE BROKEN POWER LAW MODEL, THE
FE II MODEL IS ALSO AN IMPORTANT COMPONENT OF THE CONTINUUM TEM-
PLATE, 1.E., THE FE II MODEL F_ {FE} II.

MOST OF THE QUASAR CONTINUUM CAN BE WELL DESCRIBED BY THE BROKEN
POWER LAW PLUS AN FE II TEMPLATE, BUT SOME SPECTRA HAVE STRANGE
SHAPES IN THEIR CONTINUUM. THIS PROBLEM MAY ARISE FROM SOME UN-
CERTAINTIES IN THE SPECTRAL RESPONSE CURVE, WHICH ARE OCCASIONALLY
CAUSED BY POOR RELATIVE FLUX CALIBRATIONS AND UNSTABLE EFFICIENCIES
OF SOME FIBERS. TO OVERCOME THIS PROBLEM, WE ADD AN ADDITIONAL
THREE-ORDER POLYNOMIAL MODEL (F_ {POLY}; RAKSHIT ET AL. 2020; Fu
ET AL. 2022). IT IS THUS CLEAR THAT THE PSEUDOCONTINUUM WOULD BE
FITTED BY TWO (OR THREE) COMPONENTS.

IT 1S WORTH EMPHASIZING THAT ONE SHOULD CHECK WHETHER THE QUASAR
SPECTRAL DATA ARE CONTAMINATED BY THE HOST GALAXY BEFORE FITTING
THE CONTINUUM. IN GENERAL, FOR HIGH-Z (Z > 0.5) OR HIGH-LUMINOSITY
QUASARS, THE CONTAMINATION FROM THE HOST GALAXY IS NEGLIGIBLE.
WHILE FOR THOSE LOW-Z OR LOW-LUMINOSITY QUASARS, THE HOST GALAXY
CONTRIBUTES AN AVERAGE OF 15% OF THE OBSERVED EMISSIONS AND PRO-
DUCES A 0.06 DEX OVERESTIMATE OF THE CONTINUUM LUMINOSITY AT 5100
A (SHEN ET AL. 2011). THE SPECTRAL FITTING PACKAGES PYQSOFIT AND
QSOFITMORE WOULD AUTOMATICALLY DETERMINE WHETHER A QUASAR
SPECTRUM IS CONTAMINATED BY THE HOST GALAXY. IF TRUE, THE DECOM-
POSITION OF THE HOST GALAXY WOULD BE APPLIED TO THE SPECTRA. THE
DECOMPOSITION IS BASED ON THE HOST GALAXY TEMPLATE DEVELOPED BY
YIp ET AL. (2004A, 2004B). EXAMPLES OF THE FITTING RESULTS WITH
AND WITHOUT THE HOST GALAXY TEMPLATE ARE PRESENTED IN FIGURES
1(A) AND (B), RESPECTIVELY. THE COORDINATE, OBSERVATION ID, AND
REDSHIFT OF EACH QUASAR ARE SHOWN ON THE TOP OF EACH PLOT. IT
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IS CLEAR THAT FOR THE QUASAR WITH ID NUMBER 77208004, THE HOST
CONTRIBUTION CAN LEAD TO OVERESTIMATION OF THE STRENGTH OF THE
EMISSION LINES AT LONGER WAVELENGTHS (SEE THE TOP PANEL OF FIGURE

1(a)).

AFTER SUBTRACTING THE FITTED CONTINUUM COMPONENT AND THE HOST

GALAXY CONTAMINATION (IF IT EXISTS) FROM THE SPECTRUM, THE LEFT-

OVER EMISSION-LINE COMPONENTS CAN BE FITTED WITH GAUSSIAN PROFILES.

THE EMISSION LINES OF H3 (NARROW AND BROAD COMPONENTS) AND [O III]

A$ 4960, 5008withintherest— framewindow[4640, 5100]aresimultancously fitted. T hebroadcomponentofH $
IS MODELED BY TWO (GAUSSIAN PROFILES, AND ITS NARROW COMPONENT

IS FITTED BY A SINGLE GAUSSIAN. HERE WE SET THE UPPER LIMIT OF

FWHM FOR THE NARROW COMPONENTS TO BE 900 KM S~!, WHICH IS

THE FWHM CRITERION FOR DISTINGUISHING BETWEEN THE NARROW AND

BROAD COMPONENTS IN THE ESTIMATION OF [O III] (WANG ET AL. 2009;

COFFEY ET AL. 2019; WANG ET AL. 2019). IN PRINCIPLE, THE CONTRI-

BUTION OF THE BROAD H{ EMISSION LINE COULD PRODUCE BLUESHIFTED

POSITIONS, PARTICULARLY AFFECTING THE WEAK 4960 A LINE. THAT

IS, IN ADDITION TO A NARROW COMPONENT, THE [O III] A$ $4960, 5008

DOUBLET LINES SHOULD INCLUDE BLUE WING COMPONENTS (E.G., CHADID

ET AL. 2004; SCHMIDT ET AL. 2018). THEREFORE, BOTH OF THE [O III]

A$ 4960, 5008linesaremodeledbytwoGaussianpro files, one forthelinecoreandtheother fortheblueshi ftedwing
fittingresultsofthe H —[OI11]emissionlinesaregiveninthebottompanelsof Figuresl(a)and(b).Theresultinggc
of — fitvaluesofreducedy™{2}$__C ARE ALSO SHOWN IN THE FIGURES.

3. Results on the a Variation

WE USE A TOTAL OF 209 QUASAR SPECTRA, DRAWN FROM THE LAMOST
DR9 CATALOG AFTER APPLYING THE SELECTION CRITERIA (I)-(1II) (SEE SEC-
TION 2.2), TO MEASURE Aa/«. WITH THE WAVELENGTH MEASUREMENTS OF
THE [O III] A$ 4960, 5008doubletlines foreachquasarspectrum, wecalculateA |/ $
USING EQUATION (1). OUR RESULTS SHOW THAT MOST OF THE Aa/a MEA-
SUREMENTS ARE CONSISTENT WITH 0 WITHIN 30 CONFIDENCE LEVEL, AND
THE ACCURACIES OF Aca/a ARE BETWEEN 10~% AND 1072. FIGURE 2 SHOWS
THE REST-FRAME WAVELENGTH MEASUREMENTS OF THE [O III] DOUBLET
LINES OF ALL 209 QUASAR SPECTRA IN OUR FINAL SAMPLE. ONE CAN SEE
FROM THIS PLOT THAT THE WAVELENGTHS OF THE TWO LINES ARE ALIGNED
ALONG A LINE FROM BOTTOM LEFT TO TOP RIGHT, SHOWING NO SYSTEMATIC
EFFECTS.

WITH A SERIES OF MEASURED VALUES X_1 = (A«/«a)_I, WE CALCULATE
THE WEIGHTED AVERAGE FOR THE FINAL SAMPLE THROUGH

>, 1/0f

T =
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WHERE ¢__1 IS THE ERROR OF X__I. THE CORRESPONDING UNCERTAINTY ON
X CAN BE OBTAINED FROM

—-1/2

THE WEIGHTED AVERAGE FROM THE 209 SPECTRA Is Aa/a = (0.5 + 3.7)
x 107*. THIS VALUE IS COMPATIBLE WITH PREVIOUS RESULTS OBTAINED
USING OTHER OBSERVATIONAL SAMPLES WITH THE SAME METHOD (BAHCALL
ET AL. 2004; JIANG ET AL. 2024B).

TO EXPLORE THE POSSIBLE TIME VARIATION OF Aq/«, WE DIVIDE THE FINAL
SAMPLE INTO EIGHT SUBSAMPLES WITH REDSHIFTS FROM LOW TO HIGH, WITH
EACH SUBSAMPLE CONTAINING APPROXIMATELY THE SAME NUMBER (N  26)
OF SPECTRA. FOR EACH SUBSAMPLE, WE ALSO COMPUTE THE AVERAGE
VALUE OF Aq/a AND ITS UNCERTAINTY THROUGH EQUATIONS (4) AND (5).
THE AVERACGES OF Aa/a AS A FUNCTION OF REDSHIFT (OR LOOK-BACK TIME)
ARE SHOWN IN FIGURE 3 AND TABLE 1. WE DO NOT FIND ANY VARIATION OF
Aa/a OVER COSMIC TIME, BECAUSE NONE OF THE A/« AVERAGES DEVIATE
FROM 0 BY MORE THAN 1.50 CONFIDENCE LEVEL.

THE REDSHIFT RANGE OF QUASARS IN OUR FINAL SAMPLE IS BETWEEN 0.033
AND 0.8, CORRESPONDING TO A LOOK-BACK TIME (T__{LB}) oF 0.5-7.0 GYR,
OR THE AGE OF THE UNIVERSE OF 6.8-13.3 GYR. WE ASSUME THAT & SHOWS
LINEAR CHANGE WITH TIME:

WHERE AND w ARE TWO FREE PARAMETERS. A LINEAR FIT OF Aa/a WITH

RESPECT TO T__{LB} FOR ALL 209 SPECTRA GIVES A SLOPE OF = (—3.4 +
2.4) x 10713 YR™! AND AN INTERCEPT OF w = (1.3 4+ 1.0) x 1073. HERE
THE SLOPE = D(Aa«a/a)/DT_{LB} REFERS TO THE MEAN RATE OF CHANGE

IN Aa/a (BAHCALL ET AL. 2004).

WE EMPHASIZE THAT ALL OUR RESULTS ARE BASED ON THE [O III] EMISSION
LINES. IN PRINCIPLE, BY COMPARING THE MULTIPLE ABSORPTION LINES IN
THE DAMPED LYo SYSTEMS OF QUASAR SPECTRA, THE MM METHOD CAN
ACHIEVE HIGHER ACCURACY THAN THE [O III] DOUBLET METHOD. AS THE
MM METHOD SIMULTANEOUSLY ANALYZES ALL ABSORPTION LINES, IT RE-
QUIRES ACCURATE MEASUREMENTS OF BOTH THE LINE WAVELENGTHS IN THE
OBSERVED SPECTRA AND THE LABORATORY WAVELENGTHS FOR ALL INVOLVED
ATOMIC TRANSITIONS. DUE TO THE LOW RESOLUTION OF LAMOST, THE
ABSORPTION LINES OF DIFFERENT ATOMS ARE DIFFICULT TO EXTRACT ACCU-
RATELY FROM THE OBSERVED QUASAR SPECTRA. THEREFORE, IT IS HARD TO
APPLY THE MM METHOD TO THE QUASAR SAMPLE USED HERE.
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4. Summary and Discussions

IN THIS WORK, WE HAVE USED THE LAMOST QUASAR SURVEY, FOR THE
FIRST TIME, TO CONSTRAIN THE POSSIBLE TIME VARIATION OF THE FINE-
STRUCTURE CONSTANT @ THROUGH THE [O III] DOUBLET METHOD. A GREAT
ADVANTAGE OF [O III] IS THAT ITS DOUBLET LINES HAVE A WIDE WAVELENGTH
SEPARATION, WHICH MAKES IT VERY SENSITIVE TO THE MEASUREMENT OF
THE RELATIVE & VARIATION A«/a. THE OTHER ADVANTAGE IS THAT THE
[O III] EMISSION LINES ARE MUCH STRONGER THAN ANY OTHER DOUBLETS
IN MANY QUASARS, WHICH IS CRUCIAL FOR THE A«a/a MEASUREMENT.

FrOM 56,175 OBJECTS IDENTIFIED AS QUASARS IN THE LAMOST DR9
QUASAR CATALOG, WE HAVE EXTRACTED A SAMPLE OF 209 QUASARS WITH
STRONG [O III] EMISSION LINES UP TO REDSHIFT 0.8. WITH THIS REFINED
SAMPLE, WE ESTIMATED A WEIGHTED AVERAGE VALUE OF A«a/a = (0.5 +
3.7) x 107* DURING THE LAST 7.0 GYR. DUE TO THE SMALLER NUMBER
OF QUASARS AND THE LOWER RESOLUTION OF LAMOST WITH RESPECT
TO SDSS, OUR MEASURING PRECISION OF Aq/a IS WORSE THAN PREVI-
OUS RESULTS OBTAINED USING DIFFERENT SDSS QUASAR SAMPLES WITH
THE SAME METHOD BY ONE ORDER OF MAGNITUDE (GUTIERREZ & LOPEZ-
CORREDOIRA 2010; RAHMANI ET AL. 2014; ALBARETI ET AL. 2015). WHILE
OUR LAMOST-BASED CONSTRAINT IS NOT COMPETITIVE, THERE IS MERIT
TO THE RESULT. OUR ANALYSIS SERVES TO CONFIRM THE RESULTS OF SDSS
WITH ANOTHER INDEPENDENT SURVEY, SO WE CAN EXCLUDE POSSIBLE SYS-
TEMATIC ERRORS IN THE WAVELENGTH CALIBRATION OF SPECTRA IN SDSS.

TO ANALYZE THE VALUE OF Aa/a AS A FUNCTION OF REDSHIFT, WE DI-
VIDED THE SAMPLE INTO EIGHT REDSHIFT BINS, WITH EACH BIN CONTAINING
APPROXIMATELY THE SAME NUMBER OF QUASARS. WE FOUND THAT THE
AVERAGES OF Aca/a IN ALL REDSHIFT BINS ARE CONSISTENT WITH 0 WITHIN
1.50 CONFIDENCE LEVEL. THIS INDICATES THAT THERE IS NO EVIDENCE OF
CHANGES IN Aq/a WITH REDSHIFT. WE LIMITED THE MEAN RATE OF CHANGE
IN Aa/a TO BE (—3.4 + 2.4) x 1073 YR™! WITHIN THE LAST 7.0 GYR.

TO ACHIEVE BETTER CONSTRAINTS ON Aa/a (<107%) USING THE EMISSION-
LINE METHOD, HIGH-RESOLUTION SPECTROSCOPY (R 100,000) IS REQUIRED.
THE MEASUREMENT OF Aq/a USING THE LAMOST LOW RESOLUTION SPEC-
TRA IS DOOMED TO BE UNABLE TO REACH THE BEST PRECISION FROM PREVI-
OUS QUASAR OBSERVATIONS. NONETHELESS, THE LAMOST ONGOING SUR-
VEY IS STILL COLLECTING USEFUL DATA, AND MUCH MORE VALUABLE QUASARS
ARE EXPECTED TO BE IDENTIFIED IN THE FUTURE. THE LAMOST QUASAR
SURVEY NOT ONLY PROVIDES AN INDEPENDENT MEASUREMENT OF Aa/a,
BUT ALSO HELPS TO CROSS-CHECK THE RESULTS OF OTHER SURVEYS. THIS
WORK ONLY FOCUSED ON THE [O III] DOUBLET, BUT WE WILL CONSIDER
MORE EMISSION LINES (E.G., [S II]) IN FUTURE RESEARCH. IN ADDITION,
WE PLAN TO DISCUSS COLLABORATIVE EFFORTS WITH OTHER OBSERVATO-
RIES TO COMBINE DATA SETS, THEREBY ENHANCING STATISTICAL POWER FOR
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CONSTRAINING VARIATIONS IN «. FOR EXAMPLE, THERE ARE A TOTAL OF
56,175 IDENTIFIED QUASARS IN THE LAMOST DR9 QUASAR CATALOG, OF
WHICH 24,127 ARE NEWLY DISCOVERED AND NOT REPORTED BY SDSS (JIN
ET AL. 2023). WE PLAN TO COMBINE THE SDSS QUASAR SURVEY WITH
THOSE NEW ONES DISCOVERED BY LAMOST TO ACHIEVE A MORE ROBUST
CONSTRAINT ON Aa/a.
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