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12. THe ReLATIVISTIC SHIFT IN THE ENerGY LEVELS OF A HYDROGEN AToM DUE To THE RELATIVISTIC DEPENDENCE

(UNDERSTANDING THE PRECISE BEHAVIOR OF ELECTRONS IN HYDROGEN ATOMS IS FUNDAMENTAL TO QUANTUM MECHANICS AND
ATOMIC PHYSICS. AMONG THE VARIOUS FACTORS INFLUENCING THE ENERGY LEVELS OF ELECTRONS, RELATIVISTIC EFFECTS
BECOME SIGNIFICANT, ESPECIALLY FOR ELECTRONS MOVING AT SPEEDS CLOSE TO THE SPEED OF LIGHT.

THIS ARTICLE EXPLORES THE CONCEPT OF THE RELATIVISTIC SHIFT IN THE ENERGY LEVELS OF A HYDROGEN ATOM, EMPHASIZING
HOW RELATIVISTIC DEPENDENCE ALTERS THE CLASSICAL ENERGY PREDICTIONS. WE WILL DELVE INTO THE THEORETICAL
UNDERPINNINGS, MATHEMATICAL FORMULATIONS, AND EXPERIMENTAL IMPLICATIONS OF THESE SHIFTS, PROVIDING A
COMPREHENSIVE OVERVIEW FOR STUDENTS, RESEARCHERS, AND ENTHUSIASTS ALIKE.

INTRODUCTION TO RELATIVISTIC EFFECTS IN ATOMIC PHYSICS

ATOMIC PHYSICS TRADITIONALLY EMPLOYS NON-RELATIVISTIC QUANTUM MECHANICS, NOTABLY THE SCHR DINGER EQUATION,
TO COMPUTE THE ENERGY LEVELS OF ELECTRONS IN ATOMS. HO\X/EVER, WHEN ELECTRONS ORBIT VERY CLOSE TO THE NUCLEUS,
ESPECIALLY IN HIGH-Z (ATOMIC NUMBER) ELEMENTS, THEIR VELOCITIES APPROACH A SIGNIFICANT FRACTION OF THE SPEED OF
LIGHT. IN SUCH REGIMES, RELATIVISTIC EFFECTS BECOME NON-NEGLIGIBLE AND NECESSITATE CORRECTIONS TO CLASSICAL MODELS.

IN HYDROGEN, DESPITE ITS SIMPLICITY, RELATIVISTIC CORRECTIONS ARE ESSENTIAL FOR PRECISE SPECTRAL ANALYSIS. THe
PRIMARY CONSEQUENCE OF THESE EFFECTS IS A SHIFT IN ENERGY LEVELS, NOTABLY LEADING TO THE FINE STRUCTURE OF
SPECTRAL LINES OBSERVED EXPERIMENTALLY.

THeEORETICAL FOUNDATIONS OF RELATIVISTIC CORRECTIONS

LiMITATIONS OF NON-RELATIVISTIC MODELS

- THe SCHR DINGER EQUATION ASSUMES ELECTRONS MOVE MUCH SLOWER THAN LIGHT, NEGLECTING RELATIVISTIC MASS
INCREASE.

- |T PREDICTS ENERGY LEVELS WITH HIGH ACCURACY FOR LOW-Z ATOMS BUT FALTERS FOR PRECISE SPECTRAL MEASUREMENTS.
- FAILS TO ACCOUNT FOR SPIN-ORBIT COUPLING AND OTHER FINE STRUCTURE EFFECTS.

ReLATIVISTIC QUANTUM MeCHANICS: THE DIRAC EQUATION

- THE DIRAC EQUATION INCORPORATES SPECIAL RELATIVITY INTO QUANTUM MECHANICS.
- |T PREDICTS ENERGY LEVELS THAT INCLUDE RELATIVISTIC EFFECTS INHERENTLY.
- PROVIDES A NATURAL EXPLANATION FOR ELECTRON SPIN AND FINE STRUCTURE.

MATHEMATICAL DESCRIPTION OF RELATIVISTIC ENERGY LEVELS

RELATIVISTIC ENERGY FORMULA

THE TOTAL ENERGY \( E \) OF AN ELECTRON IN A CouLOMB POTENTIAL, CONSIDERING RELATIVISTIC EFFECTS, IS GIVEN
APPROXIMATELY BY THE DIRAC THEORY:



\[
E_{ng}=mc"2 \Lert[ 1 + \LerT( \rRAC{Z\ALPHAX{N - \DELTA()} \RIGHT)"2 \RIGHT]"{-1/2}
\]

WHERE:

= \(M\) IS THE ELECTRON REST MASS,

-\(c\) IS THE SPEED OF LIGHT,

-\(Z\) 1s THE AToMIC NUMBER (FOR HYDROGEN, \( Z=1 1)),

- \(\ALPHA \) I1s THE FINE-sTRUCTURE CONSTANT (\( \APPROX 1/137 \)),
- \(~'\) IS THE PRINCIPAL QUANTUM NUMBER,

-\(J\) IS THE TOTAL ANGULAR MOMENTUM QUANTUM NUMBER,

-\ \peLTA() \) ACCOUNTS FOR QUANTUM DEFECT CORRECTIONS.

IN THE CASE OF HYDROGEN, THE RELATIVISTIC CORRECTION PRIMARILY MANIFESTS AS A SHIFT IN ENERGY LEVELS DEPENDING ON
THE QUANTUM NUMBERS \( N \) anp \( L \).

APPROXIMATE ENERGY LEVEL SHIFT (FINE STRUCTURE)

THE RELATIVISTIC CORRECTION LEADS TO THE FINE STRUCTURE SPLITTING, WITH ENERGY LEVELS GIVEN APPROXIMATELY BY:

\[

E_{ny} \approx - \rRAC{13.6\, \TexT{eVIHN"2} \LerT[ 1 + \rrRAC{\ALPHA" 23{N} \LerT( \rRAC{1}{) + 1/2} -
\rrRAC{3}{ 4N} \rIGHT) \RIGHT]

\]

THIS EXPRESSION INDICATES THAT THE ENERGY LEVELS ARE SLIGHTLY SHIFTED FROM THEIR NON-RELATIVISTIC VALUES, WITH THE
CORRECTION TERM PROPORTIONAL To \( \ALPHA"2 \).

PHYSICAL INTERPRETATION OF RELATIVISTIC SHIFTS

MAss-VELOCITY EFFECT

- AS ELECTRONS GAIN RELATIVISTIC SPEED, THEIR EFFECTIVE MASS INCREASES.
- THIS EFFECT CAUSES A CONTRACTION OF THE ORBIT AND SHIFTS ENERGY LEVELS.

SPIN-OrBIT COUPLING

- THE INTERACTION BETWEEN THE ELECTRON’S SPIN AND ITS ORBITAL MOTION LEADS TO SPLITTING OF ENERGY LEVELS.
- THIS COUPLING IS INHERENTLY RELATIVISTIC AND ACCOUNTS FOR THE FINE STRUCTURE OBSERVED IN SPECTRAL LINES.

DARWIN TERM

- ACCOUNTS FOR THE ZITTERBEWEGUNG (QUANTUM_JITTER) OF ELECTRONS.
- SLIGHTLY MODIFIES THE POTENTIAL EXPERIENCED BY THE ELECTRON, CONTRIBUTING TO ENERGY SHIFTS.

IMPACT ON HYDROGEN SPECTRAL LINES



FINE STRUCTURE SPLITTING

- THE RELATIVISTIC EFFECTS CAUSE THE SPECTRAL LINES TO SPLIT INTO CLOSELY SPACED COMPONENTS.
- For EXAMPLE, THE BALMER SERIES LINES EXHIBIT FINE STRUCTURE, WHICH IS ACCURATELY PREDICTED BY RELATIVISTIC
CORRECTIONS.

ExPERIMENTAL CONFIRMATION

- SPECTROSCOPIC MEASUREMENTS HAVE CONFIRMED THE RELATIVISTIC PREDICTIONS WITH HIGH PRECISION.
- THE OBSERVED SPLITTING MATCHES THEORETICAL CALCULATIONS BASED ON THE DIRAC EQUATION, VALIDATING THE
IMPORTANCE OF RELATIVISTIC EFFECTS.

QUANTITATIVE ANALYSIS OF RELATIVISTIC SHIFT

CALCULATIONS FOR SPECIFIC TRANSITIONS

- For THE \( N=2 \) LEVEL IN HYDROGEN:
- Tre \(2S_{1/23\) ano \( 2P_{1/23} \) LEVELS ARE NEARLY DEGENERATE NON-RELATIVISTICALLY.
- RELATIVISTIC EFFECTS DIFFERENTIATE THESE LEVELS, LEADING TO OBSERVABLE FINE STRUCTURE.

ESTIMATING THE MAGNITUDE OF SHIFTS

- THE RELATIVISTIC CORRECTION TO ENERGY LEVELS IS ON THE ORDER OF \( \ALPHA"2 \TIMES \) THE NON-RELATIVISTIC
ENERGY.

- FOR HYDROGEN, THIS CORRECTION IS APPROXIMATELY A FEW PARTS IN \( 10”6 \), WHICH IS DETECTABLE WITH HIGH-
RESOLUTION SPECTROSCOPY.

IMPLICATIONS AND APPLICATIONS

ATOMIC SPECTROSCOPY AND PRECISION MEASUREMENTS

- PRECISE SPECTRAL MEASUREMENTS ALLOW TESTING OF QUANTUM ELECTRODYNAMICS (QED) PREDICTIONS.
- THE RELATIVISTIC SHIFT IS CRUCIAL FOR INTERPRETING SPECTRAL DATA ACCURATELY.

ExTENSION TO MULTI-ELECTRON ATOMS AND HIGH-Z ELEMENTS

- As \('Z \) INCREASES, RELATIVISTIC EFFECTS GROW MORE SIGNIFICANT.
- IN HEAVY ELEMENTS, RELATIVISTIC CORRECTIONS DOMINATE, AFFECTING CHEMICAL PROPERTIES AND SPECTRAL
CHARACTERISTICS.

FUNDAMENTAL PHYsSICS TESTS

- COMPARING EXPERIMENTAL DATA WITH RELATIVISTIC PREDICTIONS PROVIDES TESTS FOR FUNDAMENT AL THEORIES.
- HELPS REFINE CONSTANTS LIKE THE FINE-STRUCTURE CONSTANT \( \aLpPHA \).



CoNcCLUSION

THE RELATIVISTIC SHIFT IN THE ENERGY LEVELS OF A HYDROGEN ATOM EXEMPLIFIES HOW HIGH-PRECISION MEASUREMENTS AND
ADVANCED THEORETICAL MODELS INTERSECT TO DEEPEN OUR UNDERSTANDING OF ATOMIC STRUCTURE. THE INCORPORATION OF
RELATIVISTIC DEPENDENCE THROUGH THE DIRAC EQUATION REVEALS SUBTLE YET VITAL CORRECTIONS THAT MANIFEST AS FINE
STRUCTURE IN SPECTRAL LINES. THESE EFFECTS ARE NOT ONLY CRITICAL FOR ACCURATE ATOMIC MODELING BUT ALSO SERVE AS
PROBES OF FUNDAMENTAL PHYSICS PRINCIPLES. AS EXPERIMENTAL TECHNIQUES CONTINUE TO IMPROVE, THE STUDY OF
RELATIVISTIC SHIFTS REMAINS A VIBRANT AREA, BRIDGING QUANTUM MECHANICS, RELATIVITY, AND SPECTROSCOPY.

IN ESSENCE, ACKNOWLEDGING AND UNDERSTANDING THE RELATIVISTIC DEPENDENCE IN ATOMIC ENERGY LEVELS ENHANCES OUR
GRASP OF THE MICROSCOPIC WORLD AND REINFORCES THE INTERCONNECTEDNESS OF PHYSICAL THEORIES.

FREQUENTLY ASkeD QUESTIONS

WHAT CAUSES THE RELATIVISTIC SHIFT IN THE ENERGY LEVELS OF A HYDROGEN ATOM?

THE RELATIVISTIC SHIFT OCCURS DUE TO THE INCREASE IN THE ELECTRON'S MASS AND VELOCITY APPROACHING THE SPEED OF
LIGHT, LEADING TO MODIFICATIONS IN THE ENERGY LEVELS PREDICTED BY NON-RELATIVISTIC QUANTUM MECHANICS.

How DOES THE RELATIVISTIC DEPENDENCE ALTER THE ENERGY LEVELS IN HYDROGEN
COMPARED TO THE BOHR MODEL?

|T CAUSES THE ENERGY LEVELS TO BE SLIGHTLY HIGHER (LESS NEGATIVE) THAN PREDICTED BY THE BOHR MODEL, ESPECIALLY FOR
HIGH PRINCIPAL QUANTUM NUMBERS, DUE TO RELATIVISTIC CORRECTIONS ACCOUNTING FOR ELECTRON MASS INCREASE AND
VELOCITY EFFECTS.

\WHICH QUANTUM STATES ARE MOST AFFECTED BY THE RELATIVISTIC SHIFT IN
HYDROGEN'S ENERGY LEVELS?

STATES WITH HIGHER ANGULAR MOMENTUM AND LARGER PRINCIPAL QUANTUM NUMBERS TEND TO EXPERIENCE MORE NOTICEABLE
RELATIVISTIC SHIFTS BECAUSE ELECTRONS IN THESE STATES CAN ATTAIN HIGHER VELOCITIES CLOSER TO THE SPEED OF LIGHT.

How DOES THE RELATIVISTIC CORRECTION IMPACT THE SPECTRAL LINES OF HYDROGEN?

RELATIVISTIC CORRECTIONS CAUSE SLIGHT SHIFTS IN SPECTRAL LINES, LEADING TO FINE STRUCTURE SPLITTING THAT MAKES
SPECTRAL LINES MORE PRECISE AND ACCOUNTS FOR OBSERVED DEVIATIONS FROM THE NON-RELATIVISTIC PREDICTIONS.

\W/HAT ROLE DOES THE RELATIVISTIC DEPENDENCE PLAY IN THE FINE STRUCTURE OF
HYDROGEN?

[T IS A KEY CONTRIBUTOR TO THE FINE STRUCTURE, AS RELATIVISTIC EFFECTS MODIFY THE ENERGY LEVELS AND RESULT IN THE
SPLITTING OF SPECTRAL LINES, PROVIDING A MORE ACCURATE DESCRIPTION OF HYDROGEN'S SPECTRAL CHARACTERISTICS.

CAN THE RELATIVISTIC SHIFT BE NEGLECTED FOR LOW-ENERGY STATES IN HYDROGEN?

YES, FOR LOW PRINCIPAL QUANTUM NUMBERS AND LOW ANGULAR MOMENTUM STATES, THE RELATIVISTIC SHIFT IS NEGLIGIBLE;,
IT BECOMES SIGNIFICANT ONLY FOR HIGHLY EXCITED STATES OR WHEN HIGH PRECISION MEASUREMENTS ARE INVOLVED.

How DOES THE RELATIVISTIC DEPENDENCE RELATE TO THE DIRAC EQUATION FOR



HYDROGEN?

THE DIRAC EQUATION INHERENTLY INCORPORATES RELATIVISTIC EFFECTS, PROVIDING A MORE ACCURATE PREDICTION OF ENERGY
LEVELS AND THEIR SHIFTS DUE TO RELATIVISTIC DEPENDENCE, INCLUDING FINE STRUCTURE CORRECTIONS THAT ARE ABSENT IN
NON-RELATIVISTIC MODELS.

ADDITIONAL RESOURCES

THE RELATIVISTIC SHIFT IN THE ENerGY LEVELS OF A HYDROGEN AToM DUE To THE RELATIVISTIC DEPENDENCE

UNDERSTANDING THE SUBTLETIES OF ATOMIC ENERGY LEVELS HAS BEEN A CORNERSTONE OF QUANTUM MECHANICS AND ATOMIC
PHYSICS. AMONG THE NUANCED CORRECTIONS THAT REFINE OUR THEORETICAL MODELS, THE RELATIVISTIC SHIFT IN THE ENERGY
LEVELS OF A HYDROGEN ATOM STANDS OUT AS A PIVOTAL CONCEPT, BRIDGING THE REALMS OF SPECIAL RELATIVITY AND
QUANTUM THEORY. THIS PHENOMENON, ROOTED IN THE RELATIVISTIC DEPENDENCE OF AN ELECTRON’S ENERGY ON ITS VELOCITY,
FUNDAMENTALLY ALTERS THE PREDICTED SPECTRAL LINES AND DEEPENS OUR COMPREHENSION OF ATOMIC STRUCTURE. IN THIS
COMPREHENSIVE REVIEW, WE EXPLORE THE ORIGINS, MATHEMATICAL FORMULATION, IMPLICATIONS, AND EXPERIMENTAL
VALIDATION OF THESE RELATIVISTIC SHIFTS, EMPHASIZING THEIR ROLE IN MODERN PHYSICS.

INTRODUCTION TO THE HYDROGEN ATOM AND ITS ENERGY LEVELS

THE HYDROGEN ATOM, WITH ITS SINGLE PROTON NUCLEUS AND A SOLITARY ELECTRON, SERVES AS THE ARCHETYPE FOR
QUANTUM MECHANICAL MODELS. |TS SIMPLICITY ALLOWS FOR EXACT SOLUTIONS WITHIN THE NON-RELATIVISTIC SCHR DINGER
EQUATION, LEADING TO THE WELL-KNOWN BOHR ENERGY LEVELS:

\[ E_n*{(Nnon-reL)} = - \FrRAC{13.6\, \TexT{eV}}H{n"2} \]
WHERE \( N \) IS THE PRINCIPAL QUANTUM NUMBER. THESE ENERGY LEVELS PREDICT SPECTRAL LINES (BALMER SERIES, L YMAN
SERIES, ETC.) WITH REMARKABLE ACCURACY FOR MANY APPLICATIONS. HOWEVER, SUBTLE DISCREPANCIES BETWEEN THESE

PREDICTIONS AND EXPERIMENTS PROMPTED SCIENTISTS TO SEEK REFINED MODELS, INCORPORATING EFFECTS SUCH AS ELECTRON
SPIN, QUANTUM ELECTRODYNAMICS (QED), AND RELATIVISTIC CORRECTIONS.

FUNDAMENTALS OF RELATIVITY IN ATOMIC PHYSICS

BEFORE DELVING INTO THE SPECIFIC SHIFTS, IT IS ESSENTIAL TO UNDERSTAND THE CORE IDEA OF RELATIVISTIC DEPENDENCE:

- SPECIAL RELATIVITY DICTATES THAT AS AN ELECTRON’S VELOCITY APPROACHES THE SPEED OF LIGHT (\( ¢ \)), ITs
EFFECTIVE MASS INCREASES ACCORDING TO:

\[ M_{reL} = \camma M_0O = \rrac{M_O3}{\sqrT{1 - Vv"2/c"23}\]

- CONSEQUENCES: THE KINETIC ENERGY AND MOMENTUM RELATIONS ARE MODIFIED, IMPACTING THE ENERGY SPECTRUM PREDICTED
BY NON-RELATIVISTIC QUANTUM MECHANICS.

IN ATOMIC SYSTEMS, ELECTRONS IN INNER SHELLS OR HIGHLY EXCITED STATES CAN ATTAIN SIGNIFICANT FRACTIONS OF \( C \)/
MAKING RELATIVISTIC EFFECTS NON-NEGLIGIBLE.



ORIGIN OF THE RELATIVISTIC SHIFT IN HYDROGEN ENERGY LEVELS

THE RELATIVISTIC SHIFT ARISES PRIMARILY FROM THE INTERPLAY BETWEEN THE ELECTRON'S KINETIC ENERGY AND ITS
RELATIVISTIC MASS INCREASE. AS THE ELECTRON MOVES FASTER, THE FOLLOWING EFFECTS OCCUR:

1. INCREASED EFFECTIVE MASS: THE ELECTRON’S MASS BECOMES \( M_{REL} \), AFFECTING ITS ENERGY LEVELS.
2. MoDIFIED KINETIC ENERGY: THE CLASSICAL KINETIC ENERGY EXPRESSION MODIFIES TO:

\[ T_{reL} = (\caMma - 1) M 0 c™2\]

WHICH DIFFERS FROM THE NON-RELATIVISTIC \( T = \rrRac{p"23}{2M} \).

3. ALTERED RADIAL AND ANGULAR COMPONENTS: THE RELATIVISTIC TREATMENT ALTERS THE ANGULAR MOMENTUM AND RADIAL
WAVEFUNCTIONS, LEADING TO SHIFTS IN ENERGY.

THESE EFFECTS COLLECTIVELY CAUSE THE ENERGY LEVELS PREDICTED BY THE NON-RELATIVISTIC SCHR DINGER EQUATION TO
DEVIATE, ESPECIALLY FOR STATES WITH HIGH ANGULAR MOMENTUM OR HIGH PRINCIPAL QUANTUM NUMBERS.

MATHEMATICAL FRAMEWORK: THE DIRAC EQUATION

THE MOST RIGOROUS APPROACH TO ACCOUNT FOR RELATIVISTIC EFFECTS IS THROUGH THE DIRAC EQUATION, WHICH
INHERENTLY INCORPORATES SPECIAL RELATIVITY AND ELECTRON SPIN:

\[ ( ¢ \eoLpsymeoL{\aLPHA} \cDOT \MATHBF{P} + \BETA M "2 + V(R) ) \PsI = E \psI \]

WHERE:

- \(\soLpsymeoL{\aLPHA} \) AnD \( \BETA \) ARE DIRAC MATRICES,

-\(V(r) \) 1s THe CouLoMg POTENTIAL FOR HYDROGEN: \( V(R) = - \FrRAc{e"2}{4\PI \varersiLon_O r} ),
- \(\Psi \) IS THE FOUR-COMPONENT DIRAC SPINOR,

-\(E\) IS THE TOTAL ENERGY.

KEY POINTS ABOUT SOLUTIONS:

- THE DIRAC EQUATION PREDICTS ENERGY LEVELS WITH FINE STRUCTURE CORRECTIONS INHERENTLY BUILT IN.
- THE ENERGY EIGENVALUES FOR HYDROGEN ARE GIVEN BY:

\[E_{ng} =mc™2 \Lert[ 1 + \LerT( \rrAc{\ALPHAXN - \DELTA()} \RIGHT)"2 \RIGHT] {-\FrRAC{ 13{2}} \]
WHERE:

- \( \ALPHA \) IS THE FINE-STRUCTURE CONSTANT (~1/137),

-\(J\) IS THE TOTAL ANGULAR MOMENTUM QUANTUM NUMBER,

-\C\pELTA(Q) \) ENCAPSULATES RELATIVISTIC AND SPIN-ORBIT COUPLING EFFECTS.

THIS FORMULA SHOWS THAT ENERGY LEVELS DEPEND ON BOTH \( N \) AND \(J \), LEADING TO THE FINE STRUCTURE SPLITTING
OF SPECTRAL LINES.



QUANTITATIVE ANALYSIS OF THE RELATIVISTIC SHIFT

TO UNDERSTAND THE MAGNITUDE OF THE SHIFT, WE COMPARE NON-RELATIVISTIC AND RELATIVISTIC ENERGY PREDICTIONS:
- NON-RELATIVISTIC APPROXIMATION:

\[ E_n"{(Nnon-ReL)} = - \FrRAC{13.6\, \TexT{eV}}H{Nn"2} \]

- RELATIVISTIC CORRECTION (FINE STRUCTURE):

\[ \DeLTA E_{rs} \aprrox E_N"{(Non-rReL)} \TiMeS \LErT( \rRAC{\ALPHA" 2}{N"2} \LerT( \rrAC{13}{ + 1/2} -
\FRAC{33{4 N} \riGHT) \riGHT) \]

THIS CORRECTION:

- CAUSES A SPLITTING OF ENERGY LEVELS WITH DIFFERENT \(J \),
- Is PrROPORTIONAL TO \( \ALPHA"2 \), INDICATING ITS SMALL BUT MEASURABLE MAGNITUDE.

For EXAMPLE, FOR THE \( N=2 \) LEVEL:

- THE RELATIVISTIC SHIFT IS ON THE ORDER OF A FEW MILLI"ELECTRONVOLTS, DETECTABLE WITH HIGH-PRECISION
SPECTROSCOPY.

HIGHER-ORDER CORRECTIONS (SUCH AS THE LAMB SHIFT) FURTHER REFINE THESE PREDICTIONS, BUT THE RELATIVISTIC SHIFT
REMAINS A FUNDAMENTAL COMPONENT.

FINE STRUCTURE AND ITS RELATION TO RELATIVISTIC SHIFTS

THE RELATIVISTIC SHIFT IS A CRUCIAL COMPONENT OF THE FINE STRUCTURE OF HYDROGEN'S SPECTRAL LINES. FINE STRUCTURE
ARISES FROM:

- RELATIVISTIC KINETIC ENERGY CORRECTION

- SPIN-ORBIT COUPLING

- DARWIN TERM (CONTACT INTERACTION)

THE COMBINED EFFECT SPLITS THE SPECTRAL LINES THAT WOULD OTHERWISE BE DEGENERATE IN THE NON-RELATIVISTIC
ScHrR[P] DINGER MODEL. THE ENERGY DIFFERENCE BETWEEN LEVELS WITH THE SAME \( N \) BUT DIFFERenT \(J \) IS
APPROXIMATELY:

\[ \DeLta E_{J)'} \propTO \ALPHA"2 R_H \LerT( \rrAc{ 13{) + 1/23} - \rrac{ 130’ + 1/23 \riGHT) \]

wHERe \( R_H \) Is THE RYDBERG CONSTANT.

THIS SPLITTING ACCOUNTS FOR THE OBSERVED SPECTRAL LINE STRUCTURES, SUCH AS THE DOUBLETS IN THE HYDROGEN
EMISSION SPECTRA.

IMPLICATIONS FOR SPECTROSCOPY AND ATOMIC PHYSICS

THE RELATIVISTIC SHIFT HAS PROFOUND IMPLICATIONS:



1. SPECTRAL LINE PRECISION:
- ENABLES HIGH-PRECISION MEASUREMENTS OF HYDROGEN SPECTRAL LINES.
- VALIDATES THE DIRAC THEORY PREDICTIONS.

2. QUANTUM ELECTRODYNAMICS (QED):
- PRECISE CALCULATIONS OF RELATIVISTIC SHIFTS SERVE AS TESTS FOR QED.
- SMALL RESIDUAL DISCREPANCIES (LIKE THE LAMB SHIFT) POINT TOWARD QUANTUM VACUUM EFFECTS.

3. ATOMIC STRUCTURE UNDERSTANDING:

- CLARIFIES THE ORIGIN OF FINE STRUCTURE AND HYPERFINE STRUCTURE.

- GUIDES THE DEVELOPMENT OF MORE SOPHISTICATED MODELS INCORPORATING RELATIVISTIC EFFECTS.
4. FUNDAMENTAL CONSTANTS:

- MEASUREMENTS OF RELATIVISTIC SHIFTS CONTRIBUTE TO REFINING VALUES OF CONSTANTS SUCH AS \( \AaLPHA \) anD \(
R HW.

EXPERIMENTAL VERIFICATION AND OBSERVATIONS

THE THEORETICAL PREDICTIONS OF RELATIVISTIC SHIFTS HAVE BEEN EXTENSIVELY VALIDATED:

- SPECTROSCOPIC TECHNIQUES:

- LASER SPECTROSCOPY WITH HIGH RESOLUTION DETECTS FINE STRUCTURE SPLITTINGS.

- MEASUREMENT OF HYDROGEN LINES ALIGNS WITH DIRAC EQUATION PREDICTIONS WITHIN EXPERIMENTAL ACCURACY.
- HisTorICAL MILESTONES:

- THE FIRST DETECTION OF FINE STRUCTURE IN HYDROGEN SPECTRA CONFIRMED THE RELATIVISTIC CORRECTIONS.

- PRECISE MEASUREMENTS IN THE 20TH CENTURY REFINED THE UNDERSTANDING OF RELATIVISTIC EFFECTS.

- MODERN EXPERIMENTS:
- USE OF FREQUENCY COMBS AND LASER COOLING TO MEASURE SPECTRAL LINES WITH UNCERTAINTIES LESS THAN PARTS IN

\(107{12}\).

- RESULTS CONSISTENTLY MATCH THEORETICAL CALCULATIONS THAT INCLUDE RELATIVISTIC EFFECTS.

LIMITATIONS AND FURTHER CORRECTIONS

\WHILE THE DIRAC EQUATION CAPTURES THE PRIMARY RELATIVISTIC EFFECTS, IT DOES NOT ACCOUNT FOR:
- QUANTUM ELECTRODYNAMICS (QED) CORRECTIONS: LAMB SHIFT, VACUUM POLARIZATION, AND SELF-ENERGY EFFECTS.
- NUCLEAR SizE EFFECTS: FINITE SIZE OF THE PROTON SLIGHTLY SHIFTS ENERGY LEVELS.

- HiGHER-ORDER RELATIVISTIC CORRECTIONS: INVOLVING RADIATIVE CORRECTIONS, RECOIL EFFECTS, ETC.

IN HIGH-PRECISION SPECTROSCOPY, THESE ADDITIONAL EFFECTS ARE INCORPORATED TO ALIGN THEORY WITH OBSERVATION.

CONCLUSION

THE RELATIVISTIC DEPENDENCE OF ELECTRON ENERGY IN THE HYDROGEN ATOM IS A FUNDAMENTAL PHENOMENON THAT ENRICHES



OUR UNDERSTANDING OF ATOMIC STRUCTURE. |T ACCOUNTS FOR THE FINE STRUCTURE SPLITTING OF SPECTRAL LINES, REFINES
THE ENERGY LEVEL PREDICTIONS BEYOND THE SCHR DINGER FRAMEWORK, AND EXEMPLIFIES THE SEAMLESS INTEGRATION OF
SPECIAL RELATIVITY WITH QUANTUM MECHANICS.

FROM THE MATHEMATICAL RIGOR OF THE DIRAC EQUATION TO EXPERIMENTAL VALIDATIONS, THE RELATIVISTIC SHIFT
UNDERSCORES THE IMPORTANCE OF RELATIVISTIC EFFECTS EVEN IN SEEMINGLY SIMPLE ATOMIC SYSTEMS. |TS STUDY NOT ONLY
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