WHAT IS AN OVERTONE IN PHYSICS

THE FUNDAMENTAL NATURE oF OVERTONES IN PHYSICS

WHAT IS AN OVERTONE IN PHYSICS, AND WHY IS IT SO CRUCIAL TO UNDERSTANDING THE RICH TAPESTRY OF SOUND AND
VIBRATION? AT ITS CORE, AN OVERTONE REFERS TO ANY HARMONIC FREQUENCY PRESENT IN A COMPLEX SOUND WAVE THAT IS
HIGHER THAN THE FUNDAMENTAL FREQUENCY. THESE HIGHER HARMONICS ARE NOT MERE MUSICAL DECORATIONS; THEY ARE
FUNDAMENTAL COMPONENTS THAT DEFINE THE UNIQUE TIMBRE OR TONAL QUALITY OF AN INSTRUMENT OR VOICE,
DIFFERENTIATING A TRUMPET'S BLARE FROM A VIOLIN'S SWEET SUSTAIN, EVEN WHEN PLAYING THE SAME NOTE AT THE SAME
LOUDNESS. UNDERSTANDING OVERTONES UNLOCKS DEEPER INSIGHTS INTO WAVE PHENOMENA , RESONANCE, AND THE VERY ESSENCE
OF HOW WE PERCEIVE THE AUDITORY WORLD. THIS ARTICLE WILL DELVE INTO THE PHYSICS BEHIND OVERTONES, EXPLORING
THEIR GENERATION, CHARACTERISTICS, AND SIGNIFICANCE ACROSS VARIOUS SCIENTIFIC DISCIPLINES.
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UNDERSTANDING THE BASICS: W AVES AND FREQUENCIES

BEFORE WE CAN TRULY GRASP WHAT AN OVERTONE IS, WE NEED A SOLID FOUNDATION IN THE PHYSICS OF WAVES AND
FREQUENCIES. THINK OF SOUND AS A WAVE, MUCH LIKE RIPPLES ON A POND BUT TRAVELING THROUGH A MEDIUM, TYPICALLY AIR.
THESE WAVES ARE CHARACTERIZED BY THEIR AMPLITUDE, WHICH RELATES TO LOUDNESS, AND THEIR FREQUENCY , WHICH
DETERMINES THE PITCH WE HEAR. FREQUENCY IS MEASURED IN HERTZ (HZ), REPRESENTING CYCLES PER SECOND. A PURE TONE, LIKE
THAT PRODUCED BY A TUNING FORK, CONSISTS OF A SINGLE FREQUENCY. HO\X/EVEE, MOST SOUNDS WE ENCOUNTER ARE FAR
MORE COMPLEX, BEING COMPOSED OF MULTIPLE FREQUENCIES VIBRATING SIMULTANEOUSLY.

W/HEN AN OBJECT VIBRATES, IT RARELY VIBRATES AT JUST ONE SINGLE FREQUENCY. |NSTEAD, IT TENDS TO VIBRATE IN A
COMBINATION OF DIFFERENT MODES. EACH MODE OF VIBRATION PRODUCES A SOUND WAVE AT A SPECIFIC FREQUENCY. THE
LOWEST OF THESE FREQUENCIES, THE ONE THAT DETERMINES THE PERCEIVED PITCH OF THE SOUND, IS CALLED THE FUNDAMENTAL
FREQUENCY. |T°S THE PRIMARY VIBRATION THAT OUR EARS LATCH ONTO AS THE CORE NOTE.

DerINING THE OVERTONE; BEYOND THE FUNDAMENTAL

SO, WHAT IS AN OVERTONE IN PHYSICS SPECIFICALLY? IT'S ANY FREQUENCY COMPONENT OF A COMPLEX WAVE THAT IS HIGHER
THAN THE FUNDAMENTAL FREQUENCY. |F THE FUNDAMENTAL FREQUENCY IS THE MAIN NOTE, OVERTONES ARE THE ACCOMPANYING
HIGHER-PITCHED NOTES THAT GIVE THE SOUND ITS CHARACTER. IMAGINE THE FUNDAMENTAL AS THE MAIN ACTOR ON A STAGE,
OVERTONES ARE THE SUPPORTING CAST, EACH CONTRIBUTING TO THE OVERALL PERFORMANCE BUT LESS PROMINENTLY.
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THESE OVERTONES ARE NOT ARBITRARY ADDITIONS;, THEY ARE INTRINSICALLY LINKED TO THE FUNDAMENTAL FREQUENCY BY THE
PHYSICAL PROPERTIES OF THE VIBRATING OBJECT. THE SPECIFIC SET OF OVERTONES PRESENT, AND THEIR RELATIVE INTENSITIES
(LOUDNESS), IS WHAT GIVES EACH SOUND ITS UNIQUE IDENTITY. THIS IS WHY A PIANO AND A GUITAR PLAYING THE SAME NOTE
SOUND SO DIFFERENT — THEY PRODUCE DIFFERENT OVERTONE SPECTRA.



HArRMoONICS vs. OVERTONES: A CrRuUCIAL DISTINCTION

THIS IS WHERE THINGS CAN GET A LITTLE NUANCED, AND IT’S IMPORTANT TO CLARIFY THE RELATIONSHIP BETWEEN HARMONICS
AND OVERTONES. WHILE OFTEN USED INTERCHANGEABLY IN CASUAL CONVERSATION, THEY HAVE PRECISE DEFINITIONS IN PHYSICS.
A HARMONIC IS A FREQUENCY THAT IS AN INTEGER MULTIPLE OF THE FUNDAMENTAL FREQUENCY. SO, IF THE FUNDAMENT AL
FREQUENCY IS F, THE HARMONICS ARE 2F, 3F, 4F, AND SO ON.

AN OVERTONE, ON THE OTHER HAND, IS ANY FREQUENCY COMPONENT HIGHER THAN THE FUNDAMENTAL. IN MANY CASES,
ESPECIALLY WITH IDEAL VIBRATING STRINGS OR AIR COLUMNS, THE OVERTONES ARE THE HARMONICS. For EXAMPLE, THE FIRST
OVERTONE WOULD BE THE SECOND HARMONIC (QF), THE SECOND OVERTONE WOULD BE THE THIRD HARMONIC (SF), AND SO
FORTH. HO\X/EVER, SOME OBJECTS, LIKE BELLS OR COMPLEX ELECTRONIC CIRCUITS, CAN PRODUCE OVERTONES THAT ARE NOT
INTEGER MULTIPLES OF THE FUNDAMENTAL. THESE ARE CALLED INHARMONIC OVERTONES.

THE KEY TAKEAWAY IS THAT ALL HARMONICS (ABOVE THE FUNDAMENTAL) ARE OVERTONES, BUT NOT ALL OVERTONES ARE
NECESSARILY HARMONICS. THIS DISTINCTION IS VITAL WHEN ANALYZING THE PRECISE SPECTRAL CONTENT OF A SOUND.

THe PHYsICS oF OVERTONE GENERATION

How ARE THESE OVERTONES GENERATED IN THE FIRST PLACE? |T ALL COMES DOWN TO THE WAY OBJECTS VIBRATE. WHEN AN
OBJECT LIKE A STRING, A DRUMHEAD, OR AN AIR COLUMN IS SET INTO MOTION, IT DOESNITJUST VIBRATE AS A WHOLE PIECE. T
CAN ALSO VIBRATE IN SEGMENTS. FOR A VIBRATING STRING, FOR INSTANCE, IT CAN VIBRATE IN ITS SIMPLEST FORM (PRODUCING
THE FUNDAMENTAL), OR IT CAN VIBRATE WITH A NODE (A POINT OF NO MOTION) IN THE MIDDLE, CREATING TWO SEGMENTS, EACH
VIBRATING AT TWICE THE FUNDAMENTAL FREQUENCY. |T CAN ALSO DIVIDE INTO THREE SEGMENTS, FOUR SEGMENTS, AND SO ON.

EACH OF THESE VIBRATIONAL MODES CORRESPONDS TO A SPECIFIC FREQUENCY. THE FUNDAMENTAL FREQUENCY CORRESPONDS
TO THE ENTIRE STRING VIBRATING. THE NEXT HIGHER FREQUENCY (THE SECOND HARMONIC, FIRST OVERTONE) CORRESPONDS TO
THE STRING VIBRATING IN TWO HALVES. THE FREQUENCY AFTER THAT (THE THIRD HARMONIC, SECOND OVERTONE) CORRESPONDS
TO THE STRING VIBRATING IN THREE SEGMENTS, AND SO FORTH. THE RELATIVE AMPLITUDES OF THESE MODES ARE DETERMINED BY
HOW THE STRING IS EXCITED (E.G., WHERE IT'S PLUCKED OR BO\X/ED) AND ITS PHYSICAL PROPERTIES LIKE TENSION AND MASS.

TyPes oF OVERTONES AND THEIR INFLUENCE

THE NATURE OF OVERTONES CAN BE BROADLY CATEGORIZED. PRIMARILY, \WE DISTINGUISH BETWEEN HARMONIC OVERTONES AND
INHARMONIC OVERTONES. HARMONIC OVERTONES ARE THOSE THAT ARE INTEGER MULTIPLES OF THE FUNDAMENTAL FREQUENCY.
THESE ARE COMMONLY FOUND IN SIMPLE, IDEALIZED VIBRATING SYSTEMS LIKE STRINGS AND AIR COLUMNS, FORMING THE BASIS OF
\W/ESTERN MUSICAL SCALES AND HARMONY. THEY CREATE A SENSE OF CONSONANCE AND PREDICTABLE RELATIONSHIPS BETWEEN
NOTES.

INHARMONIC OVERTONES, AS MENTIONED, ARE NOT PRECISE INTEGER MULTIPLES. THEY ARE CHARACTERISTIC OF MORE COMPLEX
VIBRATING BODIES. FOR EXAMPLE, WHEN YOU STRIKE A BELL, THE METAL IS NOT A SIMPLE UNIFORM STRUCTURE. [T VIBRATES IN
COMPLEX PATTERNS, PRODUCING FREQUENCIES THAT DON'T NEATLY ALIGN WITH THE FUNDAMENTAL'S INTEGER MULTIPLES. THIS
RESULTS IN A RICHER, OFTEN MORE COMPLEX, AND SOMETIMES DISSONANT SOUND QUALITY. THE PRESENCE AND INTENSITY OF
THESE INHARMONIC OVERTONES ARE CRUCIAL TO THE BELL'S UNIQUE SONIC SIGNATURE.

THE SPECIFIC COMBINATION AND AMPLITUDE OF THESE OVERTONES ARE WHAT CONTRIBUTE TO THE UNIQUE TIMBRE OF AN
INSTRUMENT. THIS IS SOMETIMES REFERRED TO AS THE “SOUND SPECTRUM” OR “HARMONIC CONTENT” OF THE SOUND. EVEN WHEN
TWO INSTRUMENTS PLAY THE EXACT SAME NOTE AT THE SAME VOLUME, THE DISTINCT PATTERN OF OVERTONES ALLOWS US TO
DIFFERENTIATE THEM.



o HARMONIC OVERTONES: INTEGER MULTIPLES OF THE FUNDAMENTAL FREQUENCY (E.G., 2F, 3F, 4F).

® INHARMONIC OVERTONES: FREQUENCIES THAT ARE NOT INTEGER MULTIPLES OF THE FUNDAMENTAL (COMMON IN BELLS,
DRUMS, AND COMPLEX MATERIALS).

OVERTONE SERIES IN MUSICAL INSTRUMENTS

MUSICAL INSTRUMENTS ARE PERHAPS THE MOST ACCESSIBLE AND RELATABLE EXAMPLES OF OVERTONES IN ACTION. THE
DISTINCTIVE SOUND OF EACH INSTRUMENT IS A DIRECT RESULT OF ITS UNIQUE OVERTONE SERIES, ALSO KNOWN AS THE
HARMONIC SERIES. WHEN A STRING ON A GUITAR OR VIOLIN IS PLUCKED OR BOWED, IT VIBRATES NOT ONLY ALONG ITS ENTIRE
LENGTH (FUNDAMENTAL) BUT ALSO IN SEGMENTS, PRODUCING HIGHER FREQUENCIES SIMULTANEOUSLY.

FOR A VIBRATING STRING, THE POSSIBLE FREQUENCIES ARE MATHEMATICALLY PREDICTABLE. |F THE FUNDAMENTAL FREQUENCY IS
'F’, THE POSSIBLE FREQUENCIES ARE F, 2F, 3F, 4F, 5F, GF, AND SO ON. THESE ARE THE NATURAL HARMONICS. THE RELATIVE
LOUDNESS OF THESE HARMONICS, DETERMINED BY THE INSTRUMENT'S CONSTRUCTION AND HOW IT'S PLAYED, CREATES ITS
CHARACTERISTIC TIMBRE. FOR EXAMPLE, A FLUTE, WITH ITS OPEN AIR COLUMN, TENDS TO EMPHASIZE CERTAIN HARMONICS MORE
THAN OTHERS, GIVING IT A PURE, CLEAR TONE, WHILE A CLARINET, WITH ITS REED AND CLOSED BORE, EMPHASIZES DIFFERENT
HARMONICS, RESULTING IN A RICHER, MORE COMPLEX SOUND.

EVEN WITHIN THE SAME INSTRUMENT FAMILY, SUBTLE DIFFERENCES IN CONSTRUCTION LEAD TO DIFFERENT OVERTONE PROFILES.
THE BODY OF A VIOLIN AMPLIFIES CERTAIN FREQUENCIES MORE THAN OTHERS, CONTRIBUTING TO ITS WARM, COMPLEX SOUND
COMPARED TO, SAY, A PLUCKED HARPSICHORD STRING, WHICH HAS A BRIGHTER, MORE DIRECT SOUND WITH FEWER PROMINENT
OVERTONES.

THE RoLE oF OVERTONES IN PERCEPTION

OUR PERCEPTION OF SOUND IS HEAVILY INFLUENCED BY OVERTONES. W/HILE WE OFTEN IDENTIFY A SOUND BY ITS FUNDAMENTAL
FREQUENCY (THE PITCH), IT'S THE OVERTONES THAT ALLOW US TO DISTINGUISH BETWEEN DIFFERENT SOUND SOURCES. THIS
PHENOMENON IS KNOWN AS TIMBRE OR TONE COLOR.

THE HUMAN EAR AND BRAIN ARE INCREDIBLY ADEPT AT ANALYZING THESE COMPLEX WAVEFORMS. \WHEN A SOUND WAVE ENTERS
OUR EAR, IT'S BROKEN DOWN INTO ITS CONSTITUENT FREQUENCIES BY THE COCHLEA. OUR BRAIN THEN INTERPRETS THE
FUNDAMENTAL FREQUENCY AS THE PRIMARY PITCH AND THE RELATIVE INTENSITIES OF THE OVERTONES AS THE UNIQUE QUALITY
OF THE SOUND. THIS IS WHY IF YOU WERE TO FILTER OUT ALL OVERTONES AND LEAVE ONLY THE FUNDAMENTAL, A TRUMPET
PLAYING MIDDLE C WOULD SOUND VERY MUCH LIKE A VIOLIN PLAYING MIDDLE C — IT WOULD LOSE ITS CHARACTERISTIC
“TRUMPET-NESS” OR “VIOLIN-NESS.”

FURTHERMORE/ OUR ABILITY TO PERCEIVE PITCH IS NOT SOLELY BASED ON THE FUNDAMENTAL. EVEN IF THE FUNDAMENTAL IS
ABSENT, OUR BRAIN CAN OFTEN INFER IT FROM THE PRESENCE OF THE HARMONIC OVERTONES. THIS IS A REMARKABLE FEAT OF
AUDITORY PROCESSING AND HIGHLIGHTS THE FUNDAMENTAL IMPORTANCE OF OVERTONES IN OUR SONIC EXPERIENCE.

Beyonp AcousTics: OVERTONES IN OTHER FIELDS

W/HILE THE MOST INTUITIVE UNDERSTANDING OF OVERTONES COMES FROM ACOUSTICS AND MUSIC, THE CONCEPT EXTENDS FAR
BEYOND. IN PHYSICS, OVERTONES ARE ANALOGOUS TO HIGHER ENERGY STATES OR MODES OF EXCITATION IN VARIOUS PHYSICAL
SYSTEMS. FOrR INSTANCE, IN QUANTUM MECHANICS, ELECTRONS IN ATOMS CAN ABSORB ENERGY AND JUMP TO HIGHER ENERGY
LEVELS, WHICH CAN BE THOUGHT OF AS ANALOGOUS TO OVERTONES.



IN THE STUDY OF MECHANICAL VIBRATIONS, SUCH AS IN BRIDGES OR BUILDINGS, ENGINEERS MUST CONSIDER NOT JUST THE
FUNDAMENTAL RESONANT FREQUENCIES BUT ALSO THE HIGHER OVERTONES. THESE CAN BE EXCITED BY EXTERNAL FORCES LIKE
WIND OR EARTHQUAKES AND CAN LEAD TO STRUCTURAL DAMAGE IF THEY MATCH NATURAL FREQUENCIES OF THE STRUCTURE.
UNDERST ANDING THESE HIGHER MODES IS CRUCIAL FOR DESIGNING ROBUST AND SAFE ENGINEERING MARVELS.

EVEN IN THE REALM OF OPTICS, SIMILAR PHENOMENA EXIST, THOUGH THEY ARE DESCRIBED USING DIFFERENT TERMINOLOGY.
CONCEPTS LIKE HIGHER-ORDER MODES IN LASERS OR THE DIFFRACTION PATTERNS PRODUCED BY LIGHT PASSING THROUGH
GRATINGS BEAR CONCEPTUAL SIMILARITIES TO THE IDEA OF MULTIPLE FREQUENCIES OR WAVE COMPONENTS INTERACTING.

PrACTICAL APPLICATIONS OF OVERTONE UNDERSTANDING

THE IMPLICATIONS OF UNDERSTANDING OVERTONES ARE FAR-REACHING AND PRACTICAL. IN MUSIC TECHNOLOGY, DIGITAL
SYNTHESIZERS RELY HEAVILY ON THE ABILITY TO GENERATE AND MANIPULATE OVERTONE SERIES TO CREATE A VAST RANGE OF
SOUNDS. AUDIO ENGINEERS USE EQUALIZERS TO BOOST OR CUT SPECIFIC FREQUENCIES, EFFECTIVELY SHAPING THE OVERTONE
CONTENT OF A RECORDING TO ACHIEVE A DESIRED SOUND QUALITY.

IN SPEECH PROCESSING, THE OVERTONES (FORMANTS) PRESENT IN THE HUMAN VOICE ARE KEY TO DISTINGUISHING BET\WEEN
DIFFERENT VOWELS AND CONSONANTS, PLAYING A VITAL ROLE IN SPEECH RECOGNITION SYSTEMS. THE DEVELOPMENT OF
ADVANCED AUDIO COMPRESSION ALGORITHMS ALSO RELIES ON UNDERSTANDING WHICH OVERTONES ARE MOST PERCEPTUALLY
IMPORTANT, ALLOWING FOR EFFICIENT STORAGE AND TRANSMISSION OF SOUND DATA WITHOUT SIGNIFICANT LOSS OF PERCEIVED
QUALITY.

MEDICAL IMAGING TECHNIQUES, SUCH AS ULTRASOUND, ALSO LEVERAGE WAVE PHENOMENA \WHERE UNDERSTANDING HIGHER
MODES OF VIBRATION AND RESONANCE CAN BE CRITICAL FOR ACCURATE IMAGING AND DIAGNOSTIC CAPABILITIES. THE ANALYSIS
OF STRUCTURAL INTEGRITY IN MATERIALS SCIENCE OFTEN INVOLVES STUDYING HOW MATERIALS RESPOND TO VARIOUS
FREQUENCIES, INCLUDING THEIR OVERTONE RESPONSES.

FAQ

QI \WHAT IS THE FUNDAMENTAL FREQUENCY IN RELATION TO OVERTONES?

A: THE FUNDAMENTAL FREQUENCY IS THE LOWEST FREQUENCY COMPONENT OF A COMPLEX SOUND WAVE AND IS TYPICALLY
PERCEIVED AS THE MAIN PITCH. OVERTONES ARE ANY FREQUENCY COMPONENTS PRESENT IN THE SOUND THAT ARE HIGHER THAN
THIS FUNDAMENTAL FREQUENCY.

Q: ARE ALL OVERTONES HARMONICS?

A: NO, NOT ALL OVERTONES ARE HARMONICS. HARMONICS ARE SPECIFICALLY FREQUENCIES THAT ARE INTEGER MULTIPLES OF THE
FUNDAMENTAL FREQUENCY <E.G., 2F, 3F, 4F) OVERTONES ARE SIMPLY ANY FREQUENCY HIGHER THAN THE FUNDAMENTAL. W/HILE
IN MANY IDEAL SYSTEMS LIKE STRINGS, THE OVERTONES ARE THE HARMONICS, IN MORE COMPLEX SYSTEMS, OVERTONES CAN BE
INHARMONIC, MEANING THEY ARE NOT INTEGER MULTIPLES.

QZ How DO OVERTONES CONTRIBUTE TO THE TIMBRE OF AN INSTRUMENT?

A: OVERTONES ARE PRIMARILY RESPONSIBLE FOR THE TIMBRE OR TONE COLOR OF AN INSTRUMENT. THE SPECIFIC SET OF
OVERTONES PRESENT IN A SOUND, AND THEIR RELATIVE INTENSITIES, CREATE THE UNIQUE SONIC CHARACTER THAT ALLOWS US
TO DISTINGUISH BETWEEN DIFFERENT INSTRUMENTS PLAYING THE SAME NOTE AT THE SAME LOUDNESS.



Q: CAN OVERTONES EXIST IN NON-MUSICAL SOUNDS?

A: ABSOLUTELY. OVERTONES ARE PRESENT IN VIRTUALLY ALL COMPLEX SOUND WAVES, NOT JUST MUSICAL ONES. THE SOUND
OF A SLAMMING DOOR, A CAR ENGINE, OR EVEN SPEECH ALL CONTAIN OVERTONES THAT CONTRIBUTE TO THEIR DISTINCT SONIC
QUALITIES.

QZ \WHY ARE INHARMONIC OVERTONES IMPORTANT IN INSTRUMENTS LIKE BELLS?

A: INHARMONIC OVERTONES ARE CRUCIAL TO THE CHARACTERISTIC SOUND OF INSTRUMENTS LIKE BELLS, GONGS, AND DRUMS.
UNLIKE SIMPLE VIBRATING STRINGS, THE COMPLEX SHAPES AND MATERIAL PROPERTIES OF THESE INSTRUMENTS CAUSE THEM TO
VIBRATE IN MODES THAT PRODUCE FREQUENCIES NOT NEATLY RELATED TO THE FUNDAMENTAL. THESE INHARMONIC OVERTONES
CONTRIBUTE TO THE RICHNESS, COMPLEXITY, AND OFTEN DISSONANT CHARACTER OF THEIR SOUND.

Q: How DOES THE HUMAN EAR PROCESS OVERTONES?

A: THE HUMAN EAR, SPECIFICALLY THE COCHLEA, ACTS AS A FREQUENCY ANALYZER, SEPARATING THE COMPLEX SOUND W AVE
INTO ITS INDIVIDUAL FREQUENCY COMPONENTS. THE BRAIN THEN INTERPRETS THE FUNDAMENTAL FREQUENCY AS PITCH AND THE
RELATIVE AMPLITUDES OF THE OVERTONES AS THE TIMBRE OF THE SOUND, ALLOWING US TO RECOGNIZE DIFFERENT INSTRUMENTS
AND VOICES.

Q: CAN A SOUND EXIST WITHOUT A FUNDAMENTAL FREQUENCY BUT STILL HAVE
OVERTONES?

A: YES, IN SOME CASES, A SOUND CAN BE PERCEIVED EVEN IF ITS FUNDAMENTAL FREQUENCY IS ABSENT OR VERY WEAK. THIS IS
BECAUSE THE HUMAN BRAIN CAN OFTEN INFER THE FUNDAMENTAL FREQUENCY FROM THE PATTERN OF THE PRESENT HARMONIC
OVERTONES. THIS PHENOMENON IS KNOWN AS “MISSING FUNDAMENTAL.”
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