primary colours in physics

primary colours in physics are fundamental concepts that underpin our understanding of
light, colour perception, and various optical phenomena. While often discussed in art and
design, the physical basis of primary colours delves into the nature of electromagnetic
radiation and how our visual system interprets it. This article will explore the distinct types
of primary colours in physics: additive and subtractive, examining their scientific
underpinnings, how they interact, and their crucial roles in technologies ranging from digital
displays to scientific instrumentation. We'll also touch upon the intriguing relationship
between these physical primaries and human colour vision, unraveling the science behind
why we perceive the world as a vibrant spectrum.
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Understanding Primary Colours in Physics

In the realm of physics, the concept of primary colours is not a monolithic one. Instead, it
bifurcates into two primary categories, each governed by distinct physical principles and
interactions. These are known as additive primary colours and subtractive primary colours.
Understanding the difference between these two systems is crucial for grasping how light
behaves and how we perceive colour. The distinction arises from whether we are dealing
with light itself or with substances that absorb certain wavelengths of light. This
fundamental difference dictates how these colours combine to produce other colours and
ultimately, white or black.

The scientific inquiry into primary colours has a rich history, evolving from early
observations of light dispersion to sophisticated quantum mechanical explanations. At its
core, the physics of colour involves the interaction of electromagnetic radiation, specifically
visible light, with matter and our sensory apparatus. While art classes might teach you red,
yellow, and blue as primary colours, physics presents a more nuanced picture, revealing
that the 'primaries' depend entirely on the medium and the process involved. Whether we
are talking about the light emitted from a screen or the pigments on a canvas, the
underlying physical laws remain consistent, but their manifestation in colour mixing differs
dramatically.

Additive Primary Colours: The Physics of Light

Additive primary colours are the building blocks of light itself. When we talk about additive



mixing, we are referring to the combination of light sources. Imagine shining spotlights of
different colours onto a white screen; the areas where the beams overlap will show the
resulting colours. The foundational principle here is that combining different wavelengths of
light can create a wider range of colours, including white light. This is precisely how our
televisions, computer monitors, and smartphone screens work. They emit light, and by
mixing these emitted lights in varying intensities, they can produce almost any colour we
see.

The universally recognised additive primary colours are red, green, and blue (RGB). This
selection is not arbitrary; it is directly tied to the physiology of human vision. Our eyes
contain photoreceptor cells called cones, which are most sensitive to these specific ranges
of wavelengths. When light enters our eyes, these cones send signals to the brain, which
then interprets these signals as colour. By precisely controlling the intensity of red, green,
and blue light emitted from pixels on a display, we can stimulate these cones in specific
ways, fooling our brain into perceiving a vast spectrum of hues.

How Red, Green, and Blue Light Combine

The mixing of additive primary colours follows predictable rules based on the wavelengths
of light involved. When red and green light are combined in equal proportions, the
perceived colour is yellow. This might seem counterintuitive if you're used to paint mixing,
but in the world of light, yellow light can be produced by combining specific wavelengths
from the red and green parts of the spectrum. Similarly, combining green and blue light
results in cyan, a greenish-blue colour. The combination of red and blue light produces
magenta, a vibrant purplish-pink.

The ultimate goal in additive colour mixing is often to create white light. This is achieved by
combining red, green, and blue light in appropriate intensities. Think of a white television
screen; it's a mosaic of tiny pixels, each capable of emitting red, green, and blue light.
When all three are emitted at their maximum intensity, the pixel appears white.
Conversely, when no light is emitted from any of the RGB components, the pixel appears
black. This principle of additive colour mixing is fundamental to all self-illuminating
displays.

The Physics of Light Wavelengths

The colours we perceive are determined by the wavelengths of visible light that reach our
eyes. Red light has longer wavelengths (around 620-750 nanometers), green light has
medium wavelengths (around 495-570 nanometers), and blue light has shorter
wavelengths (around 450-495 nanometers). When we combine these lights, we are
essentially stimulating different combinations of our cone cells. For example, yellow light
stimulates both red and green cone cells strongly, but blue cone cells only weakly, and our
brain interprets this as yellow.

The concept of the electromagnetic spectrum is crucial here. Visible light is just a small



portion of this spectrum, which also includes radio waves, microwaves, infrared radiation,
ultraviolet radiation, X-rays, and gamma rays. Each colour within the visible spectrum
corresponds to a specific range of wavelengths. Physics explains that light is a wave, and
its colour is determined by the distance between consecutive crests of that wave, its
wavelength. The additive primary colours are chosen because they represent broad,
distinct regions of this visible spectrum that, when combined, can effectively stimulate our
colour receptors.

Subtractive Primary Colours: The Physics of
Pigments and Filters

Subtractive primary colours, in contrast to additive primaries, are concerned with the
absorption of light. This system is relevant when we are dealing with pigments, dyes, inks,
or coloured filters. Instead of adding light, we are working with materials that absorb
certain wavelengths of light and reflect others. When white light (which contains all visible
wavelengths) hits a coloured surface, the pigment absorbs some wavelengths and reflects
the remaining ones, which we then perceive as the colour of the surface. Subtractive colour
mixing is about what colours are removed from white light.

The most commonly cited subtractive primary colours are cyan, magenta, and yellow
(CMY). These are the colours you find in your printer ink cartridges. When you print a
coloured image, the inks are layered or mixed on the paper. Each ink absorbs specific
wavelengths from the white light that illuminates the paper. For example, cyan ink absorbs
red light and reflects blue and green light, which our eyes perceive as cyan. Yellow ink
absorbs blue light and reflects red and green light, which we perceive as yellow. Magenta
ink absorbs green light and reflects red and blue light, perceived as magenta.

How Cyan, Magenta, and Yellow Pigments Interact

In subtractive colour mixing, combining pigments results in colours that absorb even more
light, leading towards black. When you mix cyan and yellow pigments, the cyan absorbs red
light, and the yellow absorbs blue light. The only wavelengths that are left to be reflected
are in the green part of the spectrum, so the mixture appears green. Mixing cyan and
magenta results in blue, as cyan reflects blue and green while magenta reflects red and
blue, leaving only blue to be reflected. Mixing magenta and yellow produces red, because
magenta reflects red and blue, and yellow reflects red and green, leaving red to be
reflected.

The theoretical ideal of mixing all three subtractive primaries - cyan, magenta, and yellow -
in equal proportions should result in the absorption of all visible light, producing black. In
practice, however, pigments are not perfect absorbers. Real-world pigments will reflect a
small amount of light, so mixing CMY inks often produces a dark brown or muddy grey
rather than a true black. This is why printers typically include a separate black ink (K) in
their ink sets, forming the CMYK system, to achieve deeper blacks and better contrast. The
'K' stands for 'key', as black ink was historically used to print the key detail in multi-colour



printing.

The Role of Absorption and Reflection

The physics behind subtractive colour is all about absorption and reflection. A cyan object
appears cyan because its pigment molecules are structured in such a way that they
strongly absorb light in the red portion of the spectrum. The other wavelengths, primarily in
the blue and green regions, are not absorbed and are reflected back to our eyes. Similarly,
a yellow object absorbs blue light, and a magenta object absorbs green light. When
multiple pigments are layered, the combined effect is that more wavelengths are absorbed.
For instance, if you have a cyan filter over a yellow filter, the cyan will remove the red light,
and the yellow will remove the blue light. What passes through is primarily green light.

This process is fundamentally different from additive mixing where we are adding light.
Here, we are removing light from an existing source, usually white light. The term
'subtractive' is a direct reflection of this process - we are subtracting wavelengths from the
incident light. The effectiveness of this process depends on the purity of the pigments and
the spectral distribution of the light source illuminating the object. Understanding these
absorption spectra is crucial for colour scientists, engineers, and anyone involved in the
creation or reproduction of colour.

The Interplay Between Additive and Subtractive
Primaries

It might seem like additive and subtractive primary colours are completely separate worlds,
but they are intrinsically linked through the very nature of light and our perception of it.
The key to understanding their interplay lies in recognising that the colours we perceive are
the result of either light being emitted and combined (additive) or light being filtered and
absorbed (subtractive). They are two sides of the same coin, describing different
mechanisms for achieving colour results.

The relationship can be visualized by considering how colours are produced in the physical
world versus how they are displayed. A vibrant red apple, for instance, appears red because
its surface pigments absorb most wavelengths of white light but reflect those in the red
portion of the spectrum. This is a subtractive process. However, if you were to create a
digital representation of that apple on a screen, the screen would use additive primaries
(red, green, and blue light) to emit light in a way that your brain interprets as the same
shade of red. The physical apple subtracts light to appear red, while the digital image adds
light to appear red.

Complementary Colours and Their Significance



The concept of complementary colours is vital for understanding the relationship between
additive and subtractive systems. Complementary colours are pairs of colours that, when
combined in the right proportions, cancel each other out to produce a neutral colour -
either white in additive mixing or black in subtractive mixing. In the additive RGB system,
the complementary colour of red is cyan (blue + green). The complementary colour of
green is magenta (red + blue). The complementary colour of blue is yellow (red + green).

Notice a fascinating symmetry here. The complementary colour of each additive primary
(red, green, blue) is one of the subtractive primaries (cyan, magenta, yellow), and vice-
versa. This is not a coincidence. For example, when red light is removed from white light
(which contains red, green, and blue), what remains is the combination of green and blue
light, which we perceive as cyan. Therefore, red light and cyan light are complementary in
an additive sense. This inverse relationship is fundamental to how colour systems are
designed and how we understand colour phenomena across different media.

Practical Implications in Design and Technology

The distinction between additive and subtractive primaries has profound practical
implications. Designers working with digital interfaces, such as websites and apps, must
think in terms of RGB (additive). They choose colours that will be rendered by displays
emitting red, green, and blue light. Conversely, designers working with print media, like
brochures, posters, or books, need to consider CMYK (subtractive) colours. They select inks
that will absorb and reflect light appropriately on paper.

In scientific applications, understanding these systems is equally critical. For instance, when
analyzing the spectral properties of materials, scientists might use light sources that emit
specific wavelengths and measure how much light is absorbed or transmitted. Similarly, in
optical engineering, designing filters or lenses requires a deep understanding of how
different materials interact with light across the visible spectrum, drawing directly from the
principles of subtractive colour mixing.

Primary Colours and Human Colour Vision

The physics of primary colours, particularly the additive RGB primaries, is inextricably
linked to the biological and psychological mechanisms of human colour vision. Our ability to
perceive colour is not a direct measurement of wavelengths but rather an interpretation by
our brain based on the signals received from specialized cells in our eyes called cone cells.
There are three types of cone cells, each containing a different type of photopigment that is
maximally sensitive to different ranges of wavelengths, loosely corresponding to red, green,
and blue light.

This trichromatic theory of vision, also known as the Young-Helmholtz theory, posits that all
colours we perceive can be produced by stimulating these three types of cone cells in

varying degrees. When light enters the eye, it strikes the retina, and if the wavelengths are
within the visible spectrum, they stimulate these cones. The relative strength of the signals



from the red-sensitive cones (L-cones), green-sensitive cones (M-cones), and blue-sensitive
cones (S-cones) is what our brain interprets as a particular colour. This biological basis is
precisely why RGB are the chosen additive primary colours for electronic displays.

The Role of Cone Cells

The three types of cone cells in the human retina are responsible for our perception of
colour. The L-cones are most sensitive to long wavelengths, which we perceive as reddish
hues. The M-cones are most sensitive to medium wavelengths, perceived as greenish hues.
The S-cones are most sensitive to short wavelengths, perceived as bluish hues. It's
important to note that these sensitivities overlap significantly, which allows for the
perception of a vast range of colours beyond just red, green, and blue. For example, light
with a wavelength of around 580 nanometers, which we perceive as yellow, stimulates both
the L-cones and M-cones strongly.

When we look at an object or a light source, the specific combination of wavelengths
present in the light will stimulate these three cone types to different extents. The pattern of
stimulation is then transmitted as neural signals to the visual cortex in our brain, where it is
processed and interpreted as a specific colour. This complex interaction between light
physics and biological perception is what allows us to experience the colourful world around
us.

Colour Blindness and Variations in Perception

Variations in the photopigments within cone cells can lead to conditions like colour
blindness. The most common forms of colour blindness involve deficiencies or alterations in
the red (L-cones) or green (M-cones) photopigments, leading to difficulty distinguishing
between red and green hues. This further underscores the fundamental role of these
specific wavelength sensitivities in normal colour vision. In rare cases, individuals may lack
one or more types of cone cells, resulting in more severe forms of colour vision deficiency.

Understanding these variations is crucial for fields like medical diagnostics, user interface
design, and even in the development of colour measurement tools. It highlights that while
the physics of light is objective, our experience of colour is subjective and depends on the
specific biological apparatus receiving and interpreting the light. The concept of primary
colours in physics provides the objective framework, while human physiology explains our
subjective experience of the resulting colours.

Applications of Primary Colours in Physics and
Technology

The principles of primary colours, both additive and subtractive, are not just theoretical



curiosities; they are foundational to a vast array of modern technologies and scientific
disciplines. From the screens we look at every day to advanced scientific instruments, the
understanding and application of these colour principles are ubiquitous. The ability to
accurately represent, manipulate, and perceive colour relies heavily on these fundamental
physical concepts.

In the digital age, the application of additive primary colours (RGB) is perhaps the most
visible. Every monitor, television, smartphone, and tablet utilizes RGB sub-pixels to
generate the full spectrum of colours. Each pixel is composed of tiny red, green, and blue
light-emitting elements. By precisely controlling the intensity of each element, these
devices can display billions of different colours. This technology has revolutionized how we
consume information, entertainment, and art, making vibrant and realistic imagery
commonplace.

Digital Displays and Imaging

As mentioned, RGB is the backbone of additive colour systems. The physics of light
emission from LEDs (Light Emitting Diodes) and other display technologies allows for the
precise control of red, green, and blue light intensity at each pixel. This precise control is
what allows for the creation of photorealistic images and smooth colour gradients. When
you see a colour on your screen, it's not a single wavelength of light; it's the result of your
brain interpreting the combined signals from the red, green, and blue sub-pixels firing at
specific intensities.

Beyond displays, additive colour principles are also vital in digital imaging. Cameras
capture images by measuring the light that falls on their sensors. These sensors are often
designed with colour filters (often RGB Bayer patterns) that allow them to record the
intensity of red, green, and blue light separately at each point. This data is then processed
to reconstruct the full-colour image, effectively using the additive mixing principle to
represent the colours seen by the camera.

Printing, Photography, and Art Conservation

On the subtractive side, the CMY(K) system dominates the world of printing and physical
colour reproduction. When you send a document to a printer, the software converts the
colours into cyan, magenta, yellow, and black ink values. The printer then applies these
inks to the paper. The paper itself is usually white, reflecting all visible wavelengths. The
inks then absorb certain wavelengths, leaving the remaining reflected light to be perceived
as the printed colour. This is a critical application of subtractive colour physics, enabling
everything from glossy magazines to detailed architectural blueprints.

In traditional photography, colour film worked on subtractive principles. Layers of emulsion
were sensitive to different colours, and processing involved dyes that absorbed light.
Modern digital photography, while using additive principles for capture, still relies on
subtractive colour mixing for printing. Art conservation also benefits from a deep



understanding of colour physics. Scientists use spectroscopy to analyze pigments and dyes,
understanding their absorption and reflection properties to identify materials, assess
degradation, and guide restoration efforts, all of which are rooted in the physics of light and
colour.

Scientific Instrumentation and Spectroscopy

In scientific research, the study of light and colour is a field in itself. Spectroscopy, for
example, involves the analysis of the interaction between matter and electromagnetic
radiation. Spectrometers are instruments that measure the intensity of radiation as a
function of wavelength. This is crucial for identifying substances, understanding their
chemical composition, and studying their physical properties. The ability to precisely
control and measure light across the spectrum is fundamental to these investigations, and
it relies on a thorough understanding of colour physics.

Furthermore, in fields like atmospheric physics, the colours we observe in the sky - from
the blue of the daytime sky to the red of a sunset - are explained by the scattering of
sunlight by atmospheric particles. This scattering is wavelength-dependent, a phenomenon
known as Rayleigh scattering, and it directly relates to the physics of light and colour.
Understanding these primary colour principles allows scientists to model and explain
complex natural phenomena and develop sophisticated optical technologies that shape our
world.

Q: What is the primary difference between additive and
subtractive primary colours?

A: The primary difference lies in how colours are created. Additive primary colours (red,
green, blue) are combined by mixing light sources. When you add more light, the result
becomes brighter, ultimately leading to white. Subtractive primary colours (cyan, magenta,
yellow) are created by mixing pigments or filters that absorb certain wavelengths of light.
When you add more pigments, more light is absorbed, leading to darker colours, ideally
black.

Q: Why are red, green, and blue considered the additive
primary colours?

A: Red, green, and blue are chosen as additive primary colours because they correspond to
the peak sensitivities of the three types of cone cells in the human eye, which are
responsible for colour vision. By mixing these three colours of light in varying intensities,
we can stimulate these cone cells in a way that our brain interprets as virtually any colour
in the visible spectrum, including white.



Q: What are the subtractive primary colours and why
are they used in printing?

A: The subtractive primary colours are cyan, magenta, and yellow. They are used in printing
because printing inks work by absorbing certain wavelengths of light from a white surface
and reflecting the rest. Cyan absorbs red light, magenta absorbs green light, and yellow
absorbs blue light. Mixing these inks allows printers to absorb specific combinations of
wavelengths, thereby producing a wide gamut of colours on paper.

Q: How does the combination of additive primary
colours create secondary colours?

A: In additive colour mixing, combining two primary colours in equal intensity produces a
secondary colour. For example, mixing red and green light produces yellow. Mixing green
and blue light produces cyan. Mixing red and blue light produces magenta. These
secondary colours are also the primary colours of the subtractive system.

Q: How does the combination of subtractive primary
colours create secondary colours?

A: In subtractive colour mixing, combining two primary colours in equal intensity also
produces a secondary colour, but these are different from the additive secondaries. Mixing
cyan and magenta inks produces blue. Mixing cyan and yellow inks produces green. Mixing
magenta and yellow inks produces red. These secondary colours are the primary colours of
the additive system.

Q: Can you explain the concept of complementary
colours in relation to primary colours?

A: Complementary colours are pairs of colours that, when mixed, cancel each other out to
produce a neutral colour. In additive colour mixing, the complementary of red is cyan, the
complementary of green is magenta, and the complementary of blue is yellow. Notice that
the additive primary and its complement are subtractive primaries, and vice versa. For
example, if you add red light to cyan light (which is blue + green), you get white light. If
you mix red pigment with cyan pigment, the red pigment absorbs green and blue, and the
cyan pigment absorbs red, leaving no light to be reflected, ideally resulting in black.

Q: How do primary colours relate to the physics of light
waves?

A: Primary colours in physics are directly related to the wavelengths of electromagnetic
radiation that constitute visible light. Different colours correspond to different ranges of
wavelengths. Additive primaries (RGB) are selected because they stimulate our cone cells
effectively to create a broad spectrum. Subtractive primaries (CMY) are selected based on
their ability to absorb specific ranges of wavelengths from white light. The interaction of



these wavelengths with our visual system is the basis of colour perception.

Q: What is the role of black ink (K) in the CMYK printing
system?

A: The 'K' in CMYK stands for key, referring to black ink. In theory, mixing equal amounts of
cyan, magenta, and yellow inks should absorb all light and produce a perfect black.
However, in practice, pigments are not perfectly pure, and mixing them results in a dark
brown or muddy grey rather than a true black. Therefore, a separate black ink is used to
achieve deep blacks, sharp details, and better contrast in printed materials.
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