
The key to understanding the
origin of the universe: What is
vacuum?
In macroscience, a very important question is where the
universe comes from. It is not easy to answer this question.
Many scientists are doing this work. According to the current
Standard Model of Cosmology, the origin of the universe is
closely related to the physical properties of vacuum. Only by
understanding the characteristics of vacuum can we truly
understand the origin of the universe.

Current understanding of the origin of the universe

Today, people can use very subtle experimental means to
make astronomical observations. Nowadays, the instruments
and technologies are very advanced, and they can also be
observed in space by satellite. Therefore, we already have a
lot of understanding of the operation of celestial bodies and
the distribution of matter and energy in the universe. In
addition, the establishment of some modern theoretical
models has also given us some specific understanding of the
origin and development process of the universe. The most
widely used model for the formation of the universe is the
Big Bang Theory [1, 2]. According to the latest estimates of
scientists, our universe was born about 137.99 ±21 million



years ago. There are many different speculations about the
earliest universe. In the current general model, the universe
expanded very rapidly in the early days of its birth, and the
universe inflation was carried out within 10-32 seconds [4, 5].
During this period, the expansion of the universe increased
exponentially. When the inflation ended, a large amount of
matter formed in the universe, including quark-gluon plasma
and all other elementary particles. At this time, the universe
is still very hot, and particles and antiparticles are constantly
generated and annihilated through collision. Due to an
unclear mechanism, the number of particles slightly exceeds
the number of antiparticles. This mechanism has led to far
more matter than antimatter in today's universe [6].

As the expansion speed and temperature of the universe
further decrease, the energy of particles begins to gradually
decline. 10-11 seconds after the birth of the universe, the
energy of particles has been reduced to the range of current
high-energy physics experiments. After 10-6 seconds,
quarks and gluons combine to form clans such as protons
and neutrons [7].

A few minutes after the Big Bang, the temperature of the
universe dropped to about 109 K. Some protons bind to all
neutrons to form the nuclei of deuterium and helium. Most
protons that do not bind to neutrons form hydrogen nuclei.
At this time, because the temperature is still too high,



electrons cannot bind to the nucleus to form atoms, but can
only coexist in the form of plasma. As the universe cooled
down, about 379,000 years after the Big Bang, electrons and
nuclei combined to form atoms. At this time, photons will no
longer be bound by plasma and can pass unimpeded in
space. Scientists believe that the remnants of this radiation
form today's cosmic microwave background radiation
(CMB).

For the inflation stage in the Big Bang theory, the academic
community is mainly explaining the inflation Model first
proposed by American physicist Alan Gus in 1980 [4,5]. The
model believes that the origin of the universe comes from
the quantum fluctuation of the vacuum. Before the formation
of the universe, there was only a vacuum. But this so-called
"vacuum" is not a space without all, but has very special
physical properties. This vacuum is equivalent to the
"ground state" in quantum field theory. It is often in an
unstable disturbance state. When a vacuum disturbance
exceeds a threshold, it will quickly excite a greater
disturbance, forming a positive feedback. This positive
feedback mechanism leads to the accelerated expansion of
space. According to this inflation model, the cosmic inflation
began 10−36 seconds after the Big Bang, and in just 10−32

seconds, the cosmic inflation increased 1025 times [8]. After
the inflation, the universe continued to expand, but at a
much lower speed.



What is the nature of vacuum?

Since the current theory holds that all matter and energy are
generated from the quantum disturbance of vacuum. Then
this "vacuum" can't be empty. Calling it a "vacuum" is
obviously inappropriate, which can only be regarded as a
misreference of historical formation. Maybe we should
translate the word "vacuum" into "space media".

In the past 200 years, scientists have done a lot of research
on vacuum. Their understanding is also very different. Let's
briefly review:

(1) "Aether hypothesis)

In the 19th century, many scientists believed that the
conduction of electromagnetic fields required a medium,
which they called aether. This medium is stuffed into space
outside all substances (atomics and molecules). However,
this "ether" theory was abandoned by mainstream physics in
the early 20th century. This is based on the following
reasons: First of all, there are many contradictions in the
mechanical properties of the ether. Secondly, the
experimental results do not support the "ether" hypothesis.
If "ether" really exists, people can use optical



interferometers to measure the relative motion of the earth
and the ether. Several different teams carried out such
experiments at the end of the 19th century. The most
famous of them was the Michelson-Morley experiment in
1887. None of these experiments have measured the relative
motion of the ether and the earth. Finally, the "ether"
hypothesis is considered unnecessary. In 1905, Einstein
published the famous special theory of relativity, arguing
that as long as the relativity of space and time is recognized,
the results of the Michelson-Morley experiment can be
easily explained, and there is no need to assume the
existence of "ether".  

(2) "Classical Vacuum" in classical electromagnetism

However, although the experiment of the optical
interferometer does not support the existence of ether, it
cannot prove that the vacuum is indeed empty. In Maxwell's
electromagnetic theory, "vacuum" is regarded as a dielectric
medium. When Maxwell proposed his early equations in
1862, his description of Ampère's law was

Maxwell is not satisfied with this. Because this equation will
violate the requirements of charge conservation, that is,



. In order to solve this problem, Maxwell proposed adding a
new term to the right of the equation (1).

(D is called "charge displacement") [10]. Maxwell's reason is
that there are positive and negative charges in dielectric
materials, which will cause the displacement of charges in
the dielectric when exposed to the electric field. The time
change of this charge displacement will produce a
displacement current (Jd). This displacement current will
affect the magnetic field. Therefore, formula (1) should
include not only external current, but also displacement
current. That is to say, the formula of the ampere law should
be revised to

                           

This became one of the final Maxwell equations. This
equation plays a key role in the propagation theory of light.
When Maxwell studied the propagation of electromagnetic
waves in vacuum, he set the external current in the above
equation to zero, but the "displacement current" is not equal



to zero, because he believes that vacuum is a dielectric, so
the radiation wave is not equal to zero in the vacuum
conduction process. Based on this judgment, he finally
derived the wave equation of electromagnetic waves.

It can be seen that treating vacuum as a dielectric is a key
step in Maxwell's optical propagation theory. If the vacuum is
regarded as empty, it is impossible to derive the wave
equation of light.

(3) Quantum Vacuum In Quantum Electrodynamics And
Quantum Field Theory

Although in the early 20th century, due to the introduction of
the theory of relativity, many people thought that the space
of the universe was empty. However, with the development
of quantum electrodynamics (QED), this view has gradually
changed. Vacuum is considered to be the "ground state"
when the electromagnetic field is not excited. That is to say,
when there is no electromagnetic radiation wave (photon) in
a space, the stationary state of its space medium is called a
vacuum. Scientists are not very clear about the physical
properties of this space medium. There have been many
recommended models. However, one thing is certain: the
energy of this vacuum is not zero. When we quantize the
radiation wave of a certain frequency, we will find that its



energy is equal to E = (n+1/2) hv, so when the quantum
number is zero, the energy of the radiation field is not zero,
but 1⁄2hv. This is called zero-point energy. Therefore, the
vacuum in QED must include infinite zero energy [11].

In the quantum field, not only photons will be created and
annihilated, but different particles will also be generated and
annihilated. Therefore, vacuum is actually a background
entity that haunts different particles. Vacuum only
represents the quantum state when the number of particles
in space is zero. Therefore, the properties of vacuum in
quantum field theory can be very complicated. Joseph Silk,
an American physicist, gave a vivid description of this
quantum vacuum: "Quantum theory holds that vacuum is
not empty. On the contrary, quantum vacuum can be
described as the ocean of particles that appear and
disappear continuously. ..... It is full of "virtual" particles, not
real particles. ... At any given moment, the vacuum is full of
one-on-one pairs of virtual particles and antiparticles, which
can be displayed by affecting the energy level of the atom.
[12]

This concept of vacuum as a particle ocean has been formed
in the early days of quantum electrodynamics. For example,
in the 1930s, the electron theory founded by Dirac believed
that vacuum was like an ocean full of negative energy
electrons [13]. When this negative energy electron is excited



by photons, it will jump into a positive free electron. The
holes generated in this ocean become antiparticles of
electrons (i.e. positrons). Dirac won the Nobel Prize in
Physics in 1933 for this theory.

According to Dirac's theory, vacuum is not just an ocean of
negative-energy electrons; all particles with anti-particles
must have an ocean of negative-energy particles. In this way,
the vacuum is not only not empty, but also full of many
different negative energy particles. Its complexity is
imaginable. Later, many scholars who studied quantum field
theory quietly abandoned Dirac's concept of particle ocean.
Only particles are regarded as the quantized excited state of
a field, and vacuum becomes the ground state of various
quantum fields. However, there has never been a clear
explanation for the physical properties of this ground state.

(4) "Vacuum" in modern cosmology

As mentioned above, the mainstream theory in cosmology is
inflation. This theory applies general relativity and the
Standard Model of particle physics. The concept of vacuum
in inflation theory is basically derived from the concept of
vacuum in particle physics. That is to say, it is not empty in
vacuum, but only the ground state in the quantum field. The
inflation theory assumes that the universe runs through a



scalar field (φ). Its properties are equivalent to the Higgs
field in Higgs theory. Vacuum is only a local minimum of this
field. In fact, in inflation theory, there is more than one local
minima. The lowest one is called true vacuum, while the
adjacent higher one is called false vacuum. The universe was
born through quantum fluctuations in pseudo-vacuums
[4,5].

This inflation theory is accepted by most cosmologists now
because it can simply explain several cosmological
phenomena observed in recent years, including the
uniformity and straightforwardness of the universe. But there
is still a lot of debate about the details of the theory itself
[14,15]. What is the specific physical nature of the vacuum in
this inflation model? At present, it still needs to be studied.

In recent decades, some scholars have tried to use string
theory to explain our physical world, including the origin of
the universe. This theory is called "A theory of everything".
Because it attempts to combine quantum mechanics and
general relativity to explain all the physical phenomena from
the smallest particle to the largest universe. In this string
theory, vacuum is not empty; it is intertwined by very fine
strings. According to Professor MIT Wen Xiaogang, in the
existing string theory, vacuum is a string network liquid; the
density wave of the string is the light wave, and the end of
the string is electrons and quarks. Professor Wen once joked



that a vacuum string net liquid is like a bowl of soup noodles.
And we live in this bowl of soup noodles [16].

(5) "vacuum" in the material wave model

From the above discussion, we are in an embarrassing
situation. On the one hand, the concept of old vacuum
medium (i.e. the ether hypothesis) has proved unacceptable.
However, the classical vacuum in Maxwell's theory needs to
have the properties of dielectric. On the other hand, with the
development of quantum field theory, vacuum is not only not
empty, but also has very complex properties. Where is the
way out? I recently put forward a new theoretical attempt
called the Matter wave model. It is assumed that matter
waves and radiation waves are different excitation waves of
the same vacuum medium, and vacuum is a specific space
medium, which is a little similar to that of the dielectric
system in Maxwell's theory [17,18]. This means that all
particles in the natural world, including fermions that make
up matter, photons and other bosons that make up radiation
waves (whether mass or not), are different excitation waves
in vacuum media. If readers are interested in this model, they
can refer to the articles I listed at the end of the article [17-
19].



Closing remarks

       At present, our understanding of the specific physical
properties of vacuum is still very shallow. But whether it is
today's mainstream cosmology theory or quantum field
theory, the vacuum is not empty. In fact, some famous
experiments have clearly shown that our vacuum has special
physical properties. These experiments include: effects of
vacuum polarization, Lamb shift and Casimir effect [11, 20].
These experiments show the polarization of vacuum, the
effect of vacuum on the movement of electrons in atoms,
and the measurability of vacuum energy. Therefore, there is
a lot of reliable experimental evidence that "vacuum" is not
an empty space.

References:

[1] P. Coles, "The state of the Universe," Nature, vol. 433, p.
248-256, 2005.

[2] D. N. Spergel, "The dark side of cosmology: Dark matter
and dark energy," Science, vol. 347, (6226), pp. 11 00-1102,
2015.

[3] Planck Collaboration, P. A. R. Ade and et al, Planck 2015
results - XIII. Cosmological parameters," Astron. Astrophys.,
vol. 594, A13, 2016.



[4] A. H. Guth and D. I. Kaiser, "Inflationary cosmology:
Exploring the universe from the smallest to the largest
scales," Sc ience, vol. 307, (5711), p. 884-890, 2005.

[5] A. H. Guth, The Inflationary Universe: The Quest for a
New Theory of Cosmic Origins. Helix Books: Addison-
Wesley, Reading, Mass., 1997.

[6] E. W. Kolb, The Early Universe. Addison-Wesley, Reading,
Mass., 1990.

[7] S. Weinberg, The First Three Minutes: A Modern View of
the Origin of the Universe. (Updated ed.) Basic Books, New
York, 1988.

[8] A. H. Guth, "Inflation," PNAS, vol. 90, (11),pp. 4871-4877,
1993.

[9] A. A. Michelson and E. W. Morley, "On the Relative Motion
of the Earth and the Luminiferous Ether," American J. of
Science,vol 34. 34, 1887, p. 333-345.

[10] M. S. Longair, "The origin of Maxwell's equations and
their experimental validation," in Theoretical Conce pts in
Physics: An Alternative View of Theoretical Reasoning in
Physics for Final-Year Undergraduates , 1st ed. Cambridge
University Press, 1984, pp. 37-59

[11] E. Whittaker, A History of the Theories of Aether and



Electricity. Thomas Nelson and Sons Ltd, London, 1951.

[12] J. Silk, On the Shores of the Unknown: A Short History
of the Universe. Cambridge University Press, 2005.

[13] P. A. M. Dirac, The Principles of Quantum Mechanics.
(4thed.), Clarendon Press, Oxford, 1981.

[14] A. Ijjas, P. J. Steinhardt and A. Loeb, "Cosmic inflation
theory faces challenges," Scientific American, vol. 316, (2),
2017.

[15] "A cosmic controversy," Scientific American, (2017 Feb).
Available:
https://blogs.scientificamerican.com/observations/a-cosmic-
controversy/.

[16] Wen Xiaogang, "The Mystery of Light and the Origin of
Space", Mr. Sai, (2016-07-12). Available:
http://mp.weixin.qq.com/s?
__biz=MzA3OTgzMzUzOA=&mid=2651224737&idx=1&sn=2
1bd6ac3cb166beadd031fb53a92edbb&scene=21#wechat_r
edi rect.

[17] D. C. Chang, "A Classical Approach to the Modeling of
Quantum Mass," Journal of Modern Physics, vol. 4, (1 1),
pp.21-30, 2013. DOI: 10.4236/jmp.2013.411A1004

[18] D. C. Chang, "On the wave nature of matter: A transition

https://blogs.scientificamerican.com/observations/a-cosmic-controversy/
http://mp.weixin.qq.com/s?__biz=MzA3OTgzMzUzOA==&mid=2651224737&idx=1&sn=21bd6ac3cb166beadd031fb53a92edbb&scene=21#wechat_redirect
http://dx.doi.org/10.4236/jmp.2013.411A1004


from classical mechanics to quantum mechanics," arXiv
Preprint Physics/0505010v2, 2017. Link:
https://arxiv.org/abs/physics/0505010

[19] D. C. Chang and Y. Lee, "Study on the Physical Basis of
Wave-Particle Duality: Modelling the Vacuum as a
Continuous Mec hanical Medium," Journal of Modern
Physics, vol. 6, (08), pp. 1058-1070, 2015. DOI:
10.4236/jmp.2015.68110

[20] J. H. Williams, Order from Force: A natural history of the
vacuum. IOP Concise Physics, Morgan & Claypool
Publication, CA, USA, Ch. 7, 2015.

Please contact the original author for authorization to reprint
this article. At the same time, please indicate that this article
is from Zhang Dongcai Science Network Blog.
Link address: https://blog.sciencenet.cn/blog-226454-
1067514.html 

Previous article: Introduction to the macro-science program
of the Hong Kong University of Science and Technology
Next: How to design an experiment to directly test the
principle of relativity?

https://arxiv.org/abs/physics/0505010
http://dx.doi.org/10.4236/jmp.2015.68110
https://blog.sciencenet.cn/blog-226454-1067514.html
https://blog.sciencenet.cn/blog-226454-1066642.html
https://blog.sciencenet.cn/blog-226454-1068613.html

