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Abstract: Gravitational waves (GWs) have some 
characteristics of acoustic waves. For example, 
GWs have amplitude, frequency, intensity, propagation 
speed and encounter spacetime as having a 
quantifiable impedance.  These characteristics permit 
GWs to be analyzed to obtain the apparent 
“acoustic” properties of spacetime. The result is 
that GWs encounter spacetime as if it is an 
extremely stiff elastic medium with a large energy 
density. The energy density encountered by GWs 
scales with frequency squared and equals Planck 
energy density (∿10113 J/m3) at Planck frequency. 
This matches the vacuum energy density predicted by 
quantum field theory at this frequency. This finding 
makes a new contribution to one of the major mysteries 
of physics known as the cosmological constant 
problem. An analysis of the GW designated 
GW150914 is also given as a numerical example. A 
model of vacuum energy is proposed to be Planck 
length vacuum fluctuations at Planck frequency. 
  
 
Keywords: gravitational waves; vacuum energy; 
cosmological constant problem; impedance of 
spacetime; Planck length 
 
Abbreviations: GWs = gravitational waves; QFT = 
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 1.  Introduction 

 
There is no single generally accepted model of how 

gravitational waves (GWs) propagate. One of the 
leading candidates is that GWs are waves of gravitons 
propagating at the speed of light through the empty 
void of the vacuum. The leading competing model is an 
extension of the idea that gravity is a geometric effect 
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produced by mass/energy. Therefore, in this competing 
model, a GW is a curvature ripple propagating in the 
medium of spacetime. This model implies that 
spacetime has quantifiable properties which can be 
deduced from an analysis of general relativity and GWs.         
        For example, two books on GWs [1, 2] describe 
spacetime as an “extremely stiff elastic medium … with 
impedance of c3/G.” The terms “elastic medium” and 
“impedance” are normally associated with an acoustic 
medium. A GW also has wave amplitude, frequency, 
intensity and a speed of propagation. Again, these are 
terms normally associate with an acoustic wave 
propagating in a physical medium. Can GWs reveal 
properties of spacetime that have previously gone 
unnoticed? This article will address the following 
question: Since a GW has similarities to an acoustic 
wave propagating in a physical medium, what are the 
properties of spacetime implied by this analogy? This 
question might sound like heresy to physicists that 
believe GWs are propagated by gravitons or propagated 
as a purely geometrical distortion of space. However, it 
is a valid question which deserves a thoughtful answer.   
        The impedance of spacetime Zs = c3/G ≈ 4 x 1035 
kg/s was derived from general relativity and is 
associated with the large coupling coefficient in 
Einstein’s field equation. [1, 2]. This coefficient is 
Planck force c4/G divided by 8π. This enormous force 
(≈ 5 x 1042 N) quantifies the stiffness of spacetime and 
results in GWs being very difficult to detect. Even a 
relatively large intensity GW produces an extremely 
small distortion of space (small wave amplitude).   
        The finite stiffness of spacetime encountered by 
GWs seems to indicate that spacetime has physical 
properties that are interacting with GWs. The standard 
model has multiple fields existing in space. Do these 
fields interact with GWs?  Also, quantum field theory 
(QFT) indicates that the vacuum has a large finite energy 
density associated with zero-point energy [3]. If this 
energy density exists and interacts with GWs, then this 
analysis should yield a quantifiable vacuum energy (VE) 
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density. If space is an empty void, the analysis should 
yield answers of either zero or infinity.  
        A finding of a quantifiable VE density would have 
implications for the famous debate in physics known as 
either the “cosmological constant problem” [4, 5] or the 
“vacuum catastrophe” [6]. This is the approximately 
10120 discrepancy between the critical density of the 
universe (∿10-26 kg/m3) required to achieve the 
observed flat space [7, 8] and the enormous vacuum 
density (∿ 1096 kg/m3 or 10113 J/m3) required to achieve 
the highly accurate results of quantum electrodynamics 
and quantum chromodynamics.  
 
 2.  Conversion of a gravitational wave equation 
to an acoustic equation 
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        While equations associated with GWs can be 
complex, (1) is a very simple equation that gives the 
intensity (I) of a GW in the limit of a weak plane wave. 
This equation is derived from general relativity and 
quoted in standard texts on GWs [1, 2].  In (1), ΔL/L is 
the GWs strain amplitude (maximum slope). When 
interferometers are used to detect GWs, ΔL is interpreted 
as the measured fringe shift in an interferometer and L is 
the round-trip path length of the interferometer. Also, f 
is frequency, c is the speed of light and G is the 
gravitational constant. If we assume that the 
interferometer’s round-trip path length, L, is less than 
about 10% of the GW wavelength, then the maximum 
strain (maximum slope of the sinusoidal GW) is 
approximated by ࣺ = ΔL/L	where ࣺ2 = ࣺ2		ࣺ⨯2.  The 
subscripts + and ⨯ represent the well-known GW 
polarizations. 
        When (1) is adapted for use with interferometers, 
then fringe shift divided by round trip path length 
approximates the maximum slope of the sinusoidal GW. 
Equation (2) is a partial conversion to the form of an 
acoustic equation.  We have converted to angular 
frequency ω and made the appropriate conversion of the 
numerical constant term. Most important, the strain 
amplitude (maximum slope) interferometer 

approximation ΔL/L has been replaced with the exact 
strain amplitude (exact slope)     where δ is the 

magnitude of the maximum displacement produced by 
the sinusoidal GW over an entire wavelength and lambda 
bar is:   = λ/2π (wavelength/2π).  In acoustics, the 
wave amplitude is usually defined as the maximum 
particle displacement δ from the center position. A GW 
does not physically displace the center of mass of an 
isolated object such as an interferometer mirror 
suspended by wires.  Instead, the space between the 
mirrors is affected such that the distance between mirrors 
as measured by a laser beam can change without 
physically displacing the center of mass of the mirrors.  
There is no concise wording in English to express this 
concept, so hereafter we will refer to “displacement 
amplitude” of a GW and the reader must accommodate 
this imprecise simplification to imply a distortion of the 
properties of space.  
        Equation (2) has also rearranged terms to 
correspond to the universal equation for intensity: 
I = k A2ω2Z.  In this equation, k is a numerical constant, 
A is amplitude, ω is angular frequency and Z is the 
impedance of the acoustic medium.  Comparing 
I = k A2ω2Z to (2), it is obvious that the impedance of 
spacetime encountered by GWs is: Zs = c3/G ≈ 4 x 1035 
kg/s. This impedance of spacetime has previously been 
derived from general relativity [1, 2]. This impedance 
(c3/G) is a very impressive large number, but it is not in 
a form that allows easy comparison to the impedance of 
acoustic materials.  The problem is that (2) expresses 
wave amplitude as dimensionless strain amplitude 
(maximum slope) rather than displacement amplitude 
with dimensions of meters as is common with acoustic 
equations.  When amplitude is expressed as 
displacement (metes), the impedance term must have 
units of kg/m2s.  
        Equation (3) takes the next step to convert (1) into 
the format of an acoustic equation.  In (3) the amplitude 
term is δ with dimensions of length (meters). This is the 
maximum displacement produced over the entire 
wavelength of the GW.  This is analogous to the particle 
displacement amplitude term of an acoustic wave. 
Making this change in the amplitude designation means 
that we must introduce another form of the impedance of 
spacetime with compatible units. This will be designated 
the “displacement impedance of spacetime, Zd”. This 
form of impedance must be used when amplitude has 
units of length (meters). 
 



3 
 

3 2

2d
c c

Z
GG

 
   
 

 kg/m2s                 (4) 

2

a k
G

   kg/m3																														ሺ5ሻ	

2 2 4

2v
c c

U k k
G G


 


	J/m3                   (6) 

                
        The displacement impedance term contained in (3) 
is restated in (4) and designated with the symbol Zd. This 
form of the impedance of spacetime is frequency or 
wavelength dependent but can still be traced back to 
general relativity. To put this in perspective, at 200 Hz 
(ω ≈ 1250 s-1) a GW encounters spacetime as having 
displacement impedance of about 1025 kg/m2s which is 
about 1017 times larger than the impedance of osmium, 
the highest impedance solid. This enormous impedance 
is required for an acoustic medium to propagate at the 
speed of light while simultaneously exhibiting the large 
stiffness of space encountered by GWs. The ω2 term in 
(4) means that higher frequency waves encounter even 
larger displacement impedance up to Planck impedance 
c6/ħG2 ≈ 10105 kg/m2s	 at	 Planck	 frequency.	 At	 the	
opposite	extreme,	when	ω	ൌ	0,	then	the	displacement	
impedance	of	spacetime	also	equals	zero	ሺZd	ൌ	0ሻ.	 
        The specific impedance of an acoustic medium is 
Zo ≡ ρca kg/m2s where ρ is the density of the acoustic 
medium and ca is the acoustic speed of propagation. For 
GWs, ca = c. In (5) we make use of the analogy between 
Zd and Zo to solve for the “acoustic density of the 
vacuum” (ρa) encountered by GWs: 
(Zd = kρac = cω2/G).  Equation (5) is the key equation of 
this article and the implications of this equation are 
discussed later.  
        Spacetime obviously does not have conventional 
density created by the presence of a medium with rest 
mass. The term “acoustic density” will be used to make 
a distinction from a medium exhibiting rest mass density. 
Perhaps the more accurate term is that GWs encounter 
the vacuum of spacetime to have energy density which 
exhibits the properties of a medium with density.  
Equation (6) converts (5) to vacuum energy (VE) density 
designated (Uv). Both (5 and 6) have substituted the 
symbol k to represent any numerical constant. 
Quadrupole GWs require k = 1/16π, but another 
numerical constant will be calculated later requiring a 
different constant. 
 
3.  Numerical example using GW150914 data 
   

        The implications of (5, 6) can be illustrated using 
the observed characteristics of GW150914 [9, 10].  This 
GW was a chirp that went from about 30 Hz to 250 Hz.  
We will analyze the 200 Hz portion of this wave which 
had ω ≈ 1250 s-1,   = 2.4 x 105 m, peak strain amplitude 
ࣺ ≈ 1.25 x10-21, propagation speed c and intensity 
calculated using (1) of I = 0.02 w/m2. The maximum 
“displacement amplitude” (δ) is calculated from δ = ࣺ 
≈ 3 x 10-16 m.  There are two ways of calculating the 
acoustic density of spacetime encountered by this GW at 
200 Hz. One way is to make the appropriate substitutions 
into the acoustic equation ρ = I/ω2δ2c. The other way is 
to use (5) setting k = 1/16π and ω = 1250 s-1. Both give 
the same answer which is ρa = 4.7 x 1014 kg/m3 at 200 
Hz. This acoustic density of the vacuum converts to VE 
density of about 4 x 1031 J/m3. This is the energy density 
required to propagate a 200 Hz GW at the speed of light 
with intensity of 0.02 w/m2 and strain amplitude of only	
ΔL/L ≈ 10-21.            
        A GW is a transverse wave.  It is sometimes stated 
that transverse sound waves can only propagate in a 
solid.  However, in this case our experience with sound 
does not translate to waves propagating at the speed of 
light because the speed of light is an absolute speed limit 
which limits the type of waves that can propagate. A 
longitudinal wave cannot propagate at the speed of light 
because the displacement is in the direction of 
propagation.  One part of a longitudinal wave would 
have to propagate faster than the speed of light and 
another part of the longitudinal wave would have to 
propagate slower than the speed of light. An 
electromagnetic wave or GW wave does not produce an 
actual displacement as previously explained. Both are 
merely transverse “fields”. All parts of this type of 
transverse wave propagate at the same speed and are 
proposed to be favored for speed of light propagation. 
        Is there any other evidence to support the large VE 
density encountered by GW150914?  To answer this 
question, we will look at the emission process. The 
maximum GW power emitted by the merging of two 
black holes was reported [9] to be 3.6 x 1049 w. This 
approaches Planck power (c5/G = 3.6 x 1052 w). The 
emitted power of 3.6 x 1049 w is easily checked because 
it is the power required to achieve intensity of 0.02 w/m2 
over the area of a sphere with radius of 1.3 billion light 
years.  The mass/energy radiated into GWs was 
equivalent to 3 solar masses (5 x 1047 J). Most of this 
enormous energy was radiated in about 0.15 seconds.  At 
a distance of ½ wavelength (7.5 x 105 m) from the 
merging black holes, the GW power of 3.6 x 1049 w 
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achieves intensity of about I ≈ 5 x 1036 w/m2 which 
converts to energy density of U = I/c = 1.7 x 1028 J/m3.  
        If this GW is assumed to be the result of gravitons, 
there is no further obvious analysis. However, this article 
is examining the implications of treating a GW as an 
acoustic wave propagating in a physical acoustic 
medium. In this case, the acoustic propagation medium 
must have a larger energy density than the energy density 
of the GW being propagated. In other words, the 
propagation medium must have energy density 
substantially larger than energy density of GW150914 at 
½ wavelength from the merging black holes (greater than 
1.7 x 1028 J/m3). The previously calculated energy 
density of the medium (4 x 1031 J/m3) encountered by 
GW150914 at 200 Hz is a reasonable factor of about 
2,400 times larger than the energy density of the GW at 
½ wavelength.  Therefore, the model of the vacuum 
having a large energy density is compatible with the 
vacuum being able to propagate a GW intensity of about 
1037 w/m2. 
 
4.  Discussion 
 
4.1  The debate about vacuum energy 
 
        This article started by quoting books on GWs [1, 2] 
which state that GWs encounter spacetime as “an 
extremely stiff elastic medium … with impedance of 
c3/G”. Since GWs also have amplitude, frequency, 
intensity and propagation speed, this raises the following 
question: Since a GW has similarities to an acoustic 
wave propagating in a physical medium, what are the 
properties of spacetime implied by this analogy? This is 
an interesting question with even more interesting 
answers. The answers discussed in this section will 
extend to QFT, black holes, the Freidman equation, the 
cosmological constant problem, the physical structure of 
fields and fundamental particles.      
        We will start with QFT which requires the vacuum 
to have a vast VE density. Calculations incorporating the 
required VE give answers correct to 10 significant 
figures. [3] Some examples of quantum mechanical 
effects requiring large VE are: 1) the Lamb shift, 2) the 
Unruh effect, 3) spontaneous emission initiation, 4) the 
Casimir effect, 5) the electron’s anomalous magnetic 
dipole moment, 6) the uncertainty principle and 7) zero-
point energy in quantum systems. However, there is no 
undisputed experimental evidence that VE physically 
exists.  For example, the Casimir effect [11 - 13] is often 
cited as experimental proof of VE.  There is definitely a 
force between two closely spaced metalized plates which 

has been measured and agrees with the QED predictions 
for VE within a few percent.  However, there are 
alternative explanations involving charges and currents 
[14] which generate the same magnitude of force 
between the plates. 
        QFT says that the vacuum has zero-point energy 
associated with vacuum fluctuations [3, 15]. However, if 
this VE physically exists, it must be a form of energy that 
does not exert gravity. Most physicists today believe 
there must be some unknown cancelation which 
eliminates this large VE density but carefully preserves 
the one part in 10120 that is the observable universe. Also, 
the cancelation must somehow leave the quantum 
mechanical effects requiring the calculated large VE. 
        However, this is a real debate with some famous 
experts in general relativity supporting the concept that 
the vacuum can have a large undetectable energy 
density.  For example, Charles Misner, Kip Thorne and 
John Archibald Wheeler are the authors of the 1279 page 
famous textbook on general relativity titled 
“Gravitation” [16]. In the last chapter of this book they 
specifically address the subject of the enormous VE 
density associated with QFT.  Here is an extended quote 
from this book. “No point is more central than this: 
empty space is not empty. It is the seat of the most violent 
physics…. The density of field fluctuation energy in the 
vacuum ∿ 1094 g/cm3, argues that elementary particles 
represent a percentage-wise almost completely 
negligible change in the locally violent conditions that 
characterize the vacuum…The vacuum has to be 
described properly before one has a foundational starting 
point for a proper perturbation-theoretical analysis.” [16] 
This chapter also suggests how this undetectable energy 
density is achieved. This book says, “The geometry of 
space is subject to quantum fluctuations in metric 
coefficients of the order of: 
 δg ≈ Planck length/length extension of the region under study”. 
      Another supporter of a large VE density is Andrei 
Sakharov. In the article, Vacuum Quantum Fluctuations 
in Curved Space and the Theory of Gravitation, [17] 
Sakharov proposes that field fluctuations have energy of 
1028 eV (Planck energy) and exist on the scale of 10-33 
cm (Planck length).  This combination implies vacuum 
field fluctuations achieve Planck energy density which is 
equivalent to the 1096 kg/m3 described in the previous 
reference.   Sakharov extends this concept to form a 
connection between quantum fluctuations and the metric 
elasticity of space. He then progresses from the elasticity 
of space to the gravitational constant and gravitational 
curvature.  
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       These four famous experts in general relativity are 
cited to refute the contention that a large value of VE is 
forbidden by the equations of general relativity. A 
distinction is going to be made between the subjects 
directly addressed by these equations compared to 
physical interpretations of general relativity terms. For 
example, a disagreement about the gravitational effect on 
the rate of time would be a disagreement about a subject 
directly addressed by the equations. In comparison, the 
stress-energy-momentum tensor enumerates the known 
sources of gravity, but it does not specifically forbid the 
existence of a form of energy which does not exert 
gravity. In fact, we have already rationalized that the 
energy in virtual particle pairs does not create gravity. 
For example, if electron/positron pairs created gravity, a 
volume of space with a radius smaller than the earth – 
moon distance would form a black hole.  
       Reference [5] is a review article titled “Categorizing 
different approaches to the cosmological constant 
problem”. It analyzes over 250 papers and divides them 
into various categories according to the proposed 
mechanism of VE cancelation. The conclusion of this 
article states that “none of the approaches described 
above is a real outstanding candidate for a solution” to 
the cosmological constant problem. 
  
 4.2   “Fields are physical states of space” (Einstein)  
 
        Einstein is generally credited with eliminating the 
need for the aether. However, as documented in the 
book “Einstein and the Ether” [18], from 1916 until his 
death in 1955, he believed the various fields were 
physically present in space.  In these years, he used the 
terms “relativistic ether” and “physical space” to 
convey this idea.  For example, in 1934 he wrote, 
“Physical space and the ether are different terms for the 
same thing; fields are physical states of space.” [19] 
        The standard model is a field theory where all 
fundamental particles are considered “excitations” of 
their respective fields. [20] For example, there is an 
electron field, a muon field and a Higgs field. Do these 
fields physically exist in spacetime as Einstein 
believed? If so, it should be possible to quantify the 
internal structure of fields and unify this with QFT.  The 
enormous energy density of VE greatly exceeds the 
energy density required to build the fundamental 
particles.  
 
4.3   The connection to quantum mechanics 
  

        We can test whether (5, 6) are compatible with the 
VE described by Misner, Thorne, Wheeler and Sakharov 
[16, 17]. These authors reference vacuum density of 
roughly 1096 kg/m3. This is referring to Planck density 
ρp = c5/ħG2 and Planck energy density Up = c7/ħG2. The 
“Gravitation” book [16] specifically mentions Planck 
length Lp = (ħG/c3)1/2 vacuum fluctuations. These 
fluctuations are occurring at Planck angular frequency 
ωp = (c5/ħG)1/2.  Therefore, the test will be whether (5 
and 6) can be shown to be based on Planck length, Lp, 
Planck angular frequency ωp, Planck energy density Up 
and Planck density ρp.  Equations (7 and 8) converts (5 
and 6) to incorporate these quantum mechanical terms.  
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         Equation (7) shows a fundamental connection 
between the acoustic density of the vacuum (kω2/G) and 
Planck density (ρp).   When ω	ൌ	ωp,	 then the acoustic 
density of the vacuum equals Planck density times a 
constant	 ሺρa	 ൌ	 kρpሻ. At lower frequencies, the 
connection to ρp is reduced by the coupling constant	
ሺω/ωpሻ2.	For quadrupole GWs, k =	1/16π.	However, a 
different value of k might be required to describe the 
fundamental density and energy density of VE. Equation 
(8) is merely a conversion from acoustic density of the 
vacuum to vacuum energy density Uv.    
	
4.4  Zero-point energy density 
			
        Next, we will attempt to calculate the value of k for 
zero-point energy at the extreme where the oscillation is 
at Planck angular frequency (at Planck scale). This will 
be an estimate that will then be checked to see if it is 
reasonable. The energy of zero-point harmonic 
oscillators is Ez = ½ ħω. When ω equals Planck angular 
frequency ωp = (c5/ħG)1/2, then the energy of individual 
Planck zero-point oscillators is ½ Planck energy 
Ep/2 = (ħc5/4G)1/2 ≈ 109 J. The volume of these Planck 
length vacuum fluctuations is not exactly agreed upon, 
partly because they imply a volume oscillation. 
However, an assumption that will be tested later is that 
the average volume is the volume of a sphere that is 
Planck length in radius Vp = (4π/3)Lp

3. The zero-point 
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energy density will be designated Uz and the equivalent 
zero-point density will be designated ρz  
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        Therefore, the value of k obtained from this 
combination of energy and volume as shown in (9, 10) is 
defined as: k = kz ≡ 3/8π. This numerical constant 
associated with zero-point energy is 6 times larger than 
the value of k obtained from GW equations where 
kgw = 1/16π. It is reasonable that quadrupole GWs would 
not couple into the full VE available at a particular 
frequency.  While this value of k was calculated for 
Planck density, it should apply to lower frequency 
conditions which encounter reduced density because of 
the coupling constant (ω/ωp)2. We will assume that 
k = kz in (7, 8) in further tests which pertain to the 
properties of VE.  
 
4.5  Black hole test 
 
        The first of these tests is to compare the density of 
a black hole with Schwarzschild radius rs = 2Gm/c2 to 
zero-point density associated with reduced wavelength 
 . Black holes represent the maximum possible 
distortion of spacetime for a given radius. Equation (7) 
represents the maximum vacuum density accessible in 
spacetime at a given frequency or wavelength. If VE 
gives spacetime its properties, then maximum distortion 
of spacetime produced by a black hole with a given 
Schwarzschild radius and maximum vacuum density at a 
given wavelength should be connected. Therefore, we 
will test whether the density of a black hole and the 
wavelength dependent density of VE described by (8) are 
related. A black hole with mass m has a Schwarzschild 
radius of rs = 2Gm/c2. The volume of a black hole, as 
perceived from the outside, is Vbh = (4π/3)rs

3. The 
density of a black hole ρbh is: 
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        When we set k = kz, then one of the equalities in (8) 
is ρa = kz(Lp/  )2ρp and (11) is: ρbh = kz(Lp/rs)2 ρp.  

Therefore, the density of a black hole exactly matches 
the zero-point density of the vacuum (ρbh = ρa) when: 
rs =  . This exact match gives new insights into the role 
VE plays in determining the curvature of spacetime 
when mass is present. 
        As previously explained, a GW couples into only 
1/6 of the zero-point energy	density at a given reduced 
wavelength. Therefore, a GW does not encounter this 
exact match. Instead, a GW with wavelength λ 
encounters the vacuum as having a density 
approximately equal to the externally perceived density 
of a black hole with diameter d ≈ λ.  
 
4.6  Critical density of the universe 
 
        Setting ω = ωp into (5) has been shown to generate 
Planck density ሺρp	ൌ	c5/ħG2ሻ	times numerical constant 
kz. The opposite extreme for the lowest angular 
frequency present in spacetime is not zero because the 
expansion of the universe is clearly a distortion of 
spacetime that that can be associated with a finite angular 
frequency. The Hubble parameter Ho is a measurement 
of the expansion rate of space. The units associated with 
the Hubble parameter is usually expressed as km/s/Mpc 
which converts to s-1 in SI units. Angular frequency has 
units of s-1.. What happens when we equate the Hubble 
parameter Ho with units of s-1 to the lowest angular 
frequency present in spacetime? Equation (12) below 
answers this question. In this equation we set ω = Ho  and 
k = kz = 3/8π into (5). 
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     kg/m3        (12) 

                        
        This is a surprising result! Equation (12) shows that 
substituting the angular frequency of the expansion of 
spacetime (ω = ωu = Ho) and the constant associated 
with zero point energy k = kz into (5) generates the 
Friedmann equation [21].  This is the equation from 
general relativity which designates the “critical density 
of the universe” which is:  ρc = (3/8π)(Ho

2/G.. This is 
the density of mass/energy required to achieve flat 
spacetime. Since we are making a distinction between 
observable matter which generates gravity and VE, we 
will clarify that the Friedmann equation designates the 
critical density of observable matter in the universe. 
        The best measurement of the current value of Ho is 
from an analysis of data generated by the Hubble Space 
Telescope [22]. This value is Ho = 73.24 km/s/Mpc 
which converts to Ho = 2.37 x 10-18 s-1 in SI units. Setting 
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Ho = 2.37 x 10-18 s-1 in (12) yields about 10-26 kg/m3 
which is equivalent to about 10-9 J/m3. Experimental 
observations [7, 8] have determined that space is flat to 
within 1% experimental accuracy. The density of 
observable matter in the universe also appears to confirm 
the Friedmann equation.   
        The critical density of the universe from the 
Friedmann equation is sometimes used to refute the large 
VE density. Now we discover that VE, as quantified by 
(5, 7), can generate the Friedmann equation for the 
critical density of the universe. Therefore, the Friedmann 
equation is a special case of (5). 
        Next, we are going to calculate the exact value of 
the cosmological constant problem using (10, 12). Until 
now we have been stating that the cosmological constant 
problem is about a 10120 difference between the zero-
point energy density and the critical density of the 
universe.  However, we can use (10) and the Friedmann 
equation ρc = (3/8π)(Ho

2/G to calculate the exact value 
of the density ratio ρz/ρc. Equation (13) below shows the 
result of this calculation.  It includes Planck time 

Tp = ඥħܩ ܿହ⁄  and sets Ho = 2.37 x 10-18 s-1.   
       

  2 1216x10z
o p

c

H T
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4.7  Proposed model of vacuum energy 
 
         A common rationalization of a solution of the 
cosmological constant problem is to assume that some 
unknown effect cancels the large VE density while 
leaving the quantum mechanical effects and leaving the 
one part in 10120 that is the observable universe.  
However, an equally valid interpretation is that VE 
actually exists but in a form that cancels gravitational 
effects but gives the vacuum constants of: G, c, and ħ.  
To elevate this alternative and stimulate further 
discussion, a hypothesis will be presented. This proposed 
model of VE attempts to be compatible with (7, 8) and 
suggest a way that energy in the form of Planck length 
and Planck time vacuum fluctuations can cancel 
gravitational effects.   
        In this model, the quantum vacuum is a sea of 
closely packed harmonic oscillators which lack spin. 
These oscillations are Planck length and Planck time 
vacuum fluctuations at approximately Planck frequency. 
This is consistent with the fundamental limitation that 
distance cannot be measured to an accuracy of Planck 
length and time cannot be measured to an accuracy of 
Planck time [23 – 27]. These Lp and Tp fluctuations 

represent the background “noise” of the vacuum.  The 
radius of each harmonic oscillator is fluctuating but for 
analysis we will assume a spherical volume with a 
Planck length radius (r = c/ωp = Lp). Lower frequency 
harmonic oscillators are created by combinations of 
these approximately Planck frequency components 
creating beats and a few resonances.   
        This model is compatible with (7, 8) because the 
basic VE density is Planck energy density (Up) times a 
numerical constant k near 1. If a hypothetical wave at 
Planck angular frequency encountered these harmonic 
oscillators, then substituting ωp = (c5/ħG)1/2 (Planck 
frequency) into (4) results in the wave encountering 
Planck impedance c6/ħG2 ≈ 10105 kg/m2s.  However, 
substituting a lower frequency into (4) results in a lower 
impedance.  This can be interpreted as an impedance 
mismatch with a coupling constant of (ω/ωp)2. This 
leads to the lower frequencies encountering the energy 
density and the “acoustic density of the vacuum” shown 
in (7, 8).    
       There is another important part of this model which 
suggests a mechanism by which VE does not produce its 
own gravity. Since the vacuum fluctuations both 
increase and decrease radius distance, this means that the 
distortion (curvature) of spacetime being produced both 
increases and decreases volume. The rate of time also 
fluctuates by Planck time. Another way of saying this is 
that the oscillation is between positive and negative 
spacetime curvature.   When the volume increases 
relative to Euclidian geometry, the rate of time 
decreases. This is analogous to the positive curvature of 
spacetime produced by gravity.  When the opposite 
happens (decreased volume and increased rate of time) 
this is analogous to negative curvature or antigravity 
curvature.  There is no matter with antigravity properties, 
but if there was an antigravity body, the surrounding 
spacetime would have increased rate of time and 
decreased volume compared to a distant zero gravity 
volume. The Planck frequency oscillation is between 
equal parts positive and negative curvature which can 
also be stated as equal parts of gravity and antigravity 
components. These opposite curvatures are proposed to 
cancel gravity. 
        For those physicists that believe in gravitons, the 
point can be made that Planck length vacuum oscillations 
are undetectable as waves and lack spin. Therefore, it is 
possible that these Planck length vacuum fluctuations 
which oscillate between positive and negative curvature 
are a form of energy that is incapable of emitting 
gravitons.      
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4.8  Expansion of the universe 
 
        Another problem with a large VE is that the 
expansion of the universe seems to require new VE 
added to the universe every second to maintain a 
constant VE density.  This problem is outside the scope 
of this article which addresses treating GWs like acoustic 
waves. However, there is an answer even to this problem. 
The expansion of the universe is indicative of a much 
more complex transformation of spacetime which results 
in the covariance of the laws of physics.   
        An analogy will be made to the changes required to 
maintain the laws of physics (covariance) in different 
gravitational potentials with different rates of time. For 
example, part of Neptune has the same gravitational 
acceleration as earth, but this part of Neptune has a 
slower rate of time. When the rate of time is different 
between two locations but the laws of physics are the 
same, there must also be changes to the value of several 
units of physics (on an absolute scale) to offset the 
difference in the rate of time.   
       For example, momentum scales proportional to	1/t,	
force scales proportional to 1/t2,	 power scales 
proportional to	 1/t3	 and the fine structure constant is 
independent of time (1/t0ሻ.	This is time raised to four 
different powers, yet the laws of physics are constant. 
Many non-obvious changes are required to offset the 
change in the rate of time and preserve the covariance of 
the laws of physics.  Similar covariant changes are taking 
place in the universe to maintain a constant perceived VE 
density and preserve the equations of QFT.  
 
5.   Imagining a universe based on vacuum 
energy 
 
        If VE really does exist at the levels indicated by 
QFT, then VE would be the biggest component of the 
universe by a factor of 10120. This is a very disruptive 
concept because it causes us to introduce a dominant new 
component into our model of the universe. Beyond this 
initial disruption, it is helpful to also imagine some of the 
positive effects this change would introduce to physics. 
        Our model of the universe currently has many 
mysteries. We acknowledge the existence of many 
fields, but we treat the physical structure of these fields 
as unknowable. The introduction of VE into a model of 
the universe would be the introduction of a single 
universal field which can be quantified and conceptually 
understood.  All other fields would become distortions 
and resonances within this universal field.  

        The energy density of VE is vastly larger than is 
required to create any fundamental particle. All that is 
required is a way to organize the Planck length 
fluctuations into a cohesive unit that can interact with the 
observable components of the universe.  For example, 
fermions might be modeled as ½ ħ	“excitations” of this 
universal field. This quantized angular momentum unit 
introduces the necessary cohesion to create observable 
excitations (particles) with wave-particle properties and 
probabilistic characteristics.  For example, the Compton 
frequencies of electrons and muons would be modeled as 
resonances which stabilize ½ ħ quantized rotations at 
those frequencies. 
        If the structure of the vacuum is Planck length 
fluctuations at Planck frequency defining a volume 
Planck length in radius, then this introduces the constants 
c, G and ħ as fundamental properties of the vacuum. If 
fundamental particles are modeled as quantized rotating 
wave distortions of this universal field, then this explains 
why fermions and bosons encounter the same speed of 
light limitation. It also hints at the underlying physics 
that achieves the special relativity effects.  
        The point is that once we imagine the possibilities 
of introducing VE into our model of the universe, the 
result is a model which can explain many of the current 
mysteries of physics. For example, the need to 
renormalize equations is a mathematical proof that the 
starting assumptions used to generate the equations 
contain a flaw. The act of renormalization means the 
starting assumptions are being changed for the remainder 
of the mathematical analysis. Incorporating the VE-
based model of the universe into calculations are 
predicted to have a beneficial effect.   
        Also, this model change would give a quantum 
mechanical bases to the properties of spacetime 
described by general relativity. Einstein’s field equations 
would be viewed as a description of the bulk properties 
of VE. Another set of equations should be possible which 
start with the quantum mechanical properties of VE and 
transition to Einstein’s field equations in the limit of the 
bulk properties.  
 
6.  Summary and conclusion 
 
        Einstein’s field equations contain the large force 
constant c4/8πG. This translates into GWs being very 
difficult to detect because they encounter space as a very 
stiff medium. This article has noted the similarities 
between GWs and acoustic waves. The GWs have been 
analyzed as if they are acoustic waves propagating in a 
physical medium. The main findings of this analysis are: 
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1) the displacement impedance of spacetime is 
Zd = cω2/G, 2) the acoustic density of spacetime 
encountered by GWs is: ρa = kω2/G, 3) the VE density 
of spacetime encountered by GWs is: Uv = kc2ω2/G  
         This acoustic analysis of GWs implies that 
spacetime has a VE density equal to Planck energy 
density times a numerical constant near 1 (∿ 10113 J/m3). 
This is in substantial agreement with the zero-point 
energy density predicted to exist in the vacuum by QFT. 
This is an important finding since it is a new piece of 
information relevant to the ongoing debate known as the 
cosmological constant problem. This problem is one of 
the major mysteries in physics. 
        The proposed model of the vacuum is Planck length 
vacuum fluctuations which oscillate at Planck frequency. 
This proposed model opens a new area of discussion into 
the internal structure of both fields and fundamental 
particles with wave-particle duality. The enormous VE 
density would allow fermions to be modeled as ½ ħ 
excitations of this universal field.  A quote from the 
famous general relativity textbook “Gravitation” [16] is 
pertinent, “The density of field fluctuation energy in the 
vacuum ∿ 1094 g/cm3, argues that elementary particles 
represent a percentage-wise almost completely 
negligible change in the locally violent conditions that 
characterize the vacuum.” 
      
 
7.  References 
 
[1] D.G. Blair, E.J. Howell, L. Ju, C. Zhao, Advanced 
gravitational wave detectors, (Cambridge University 
Press, Cambridge, p 9 and 52, 2012 
[2] D.G. Blair, D.E. McClelland, H.A. Bachor, R.J. 
Sandeman, The detection of gravitational waves.  D.G. 
Blair, Editor; (Cambridge University Press, Cambridge  
p. 45, 1991 
[3] P.W. Milonni, The quantum vacuum: An 
introduction to quantum electrodynamics, Academic 
Press, 1-74, 1994 
[4] S.E. Rugh, H. Zinkernagel, The quantum vacuum 
and the cosmological constant problem. Studies In 
History and Philosophy of Science Part B: Studies In 
History and Philosophy of Modern Physics, 33(4), 
663-705, (2002) arXiv:hep-th/0012253 
[5] S. Nobbenhuis, Categorizing different approaches 
to the cosmological constant problem. Found Phys, 
36(5), 613-80, (2006) arXiv:gr-qc/0411093 
[6] R.J. Adler, B. Casey, O.C. Jacob, Vacuum 
catastrophe: An elementary exposition of the 

cosmological constant problem, Am. J. Phys. 63 (7), 
620-626 (1995)  
 [7] C.L. Bennett, et al, Nine-year Wilkinson 
microwave anisotropy probe (WMAP) 
observations: Final maps and results. ApJS., , 208, p. 
20B. (2013) arXiv:1212.5225 
[8] P.A.R. Bucher, et al. (Planck 
Collaboration), Planck 2013 results. I. Overview of 
products and scientific results. Astron Astrophy 571, 
A1. (2014), arXiv:1303.5062  
[9] B.P. Abbott, et al. (LIGO Scientific Collaboration, 
Virgo Collaboration), Observation of gravitational 
waves from a binary black hole merger. Phys. Rev. 
Lett., 116, 061102, (2016) 
[10] LIGO Scientific Collaboration, Virgo 
Collaboration, Tests of general relativity with 
GW150914. Phys. Rev. Lett., 116, 22110, (2016) 
arXiv:1602.03841 
[11] M.J. Sparnaay, Measurements of attractive forces 
between flat plates.  Physica, , 24, 751, (1958)  
[12] S.K. Lamoreaux, Demonstration of the Casimir 
force in the 0.6 to 6μm range. Phys. Rev. Lett., 78, 5. 
(1997) Erratum: Phys. Rev. Lett., 81, 5475, (1998) 
web.mit.edu/~kardar/www/research/seminars/Casimir/
PRL-Lamoreaux.pdf   
[13] D. Garcia-Sanchez, K.Y. Fong, H. Bhaskaran, S. 
Lamoreaux, H.X. Tang, Casimir force and in 
situ surface potential measurements on 
nanomembranes.  Phys. Rev. Lett.  109, 027202. 
(2012) arXiv:1207.4429 
[14] R.L. Jaffe, The Casimir Effect and the Quantum 
Vacuum. Phys. Rev. D , 72, 021301(R), (2005) 
arXiv:hep-th/0503158  
[15] S. Reynaud, A. Lambrecht, M.T. Jaekel, Quantum 
vacuum fluctuations.  Comptes Rendus de l'Académie 
des Sciences - IV – Phys., 2, 1287-1298 (2001) 
arXiv:quant-ph/0105053 
[16] C.W. Misner, K.S. Thorne, J.A. Wheeler, 
Gravitation. (W. H. Freeman and Company,  p 1202 – 
1203, (1973) 
[17] A.D. Sakharov, Vacuum quantum fluctuations in 
curved space and the theory of gravitation. Doklady 
Akademii Nauk SSSR  , 177, 70 – 71, (1967) 
[18] L. Kostro,  Einstein and the Ether. (Aperon, 
Montreal, pp 184 – 185. (2000) 
[19] A. Einstein, Das Raum-, Ather und field problem 
der physic, in: Mein Weltbild, Amsterdam, Querido, p 
237. (1934) 
[20] A, Hobson, There Are No Particles, There Are 
Only Fields. Am. J. Phys. 81, 211-223. (2013)   



10 
 

[21] J. Rich, Fundamentals of cosmology. (Springer, 
Heidelberg, Germany, p 10, Class. Quantum Grav. 
1987, 4, L107, (2009)   
[22] A.G. Riess, et al,  A 2.4% Determination of the 
local value of the Hubble constant ApJ.  826, 56, 
(2016)  arXiv:1604.01424 
 [23] T. Padmanabhan, Limitations on the operational 
definition of spacetime events and quantum gravity. 
Classical and Quantum Gravity, 4, 4 (1987) 
[24 21] L.J. Garay, Quantum gravity and minimum 
length. Int. J. Mod. Phys., A10, 145-166. (1995) 
arXiv:gr-qc/9403008   
[25] J.C. Baez, S.J. Olson, Uncertainty in 
measurements of distance. Class. Quantum Grav. 19, 
L121-L125, (2002)   arxiv:gr-qc/0201030   
[26] X. Calmet, M. Graesser, S.D. Hsu, Minimum 
length from quantum mechanics and general relativity. 
Phys. Rev. Lett., 93, 21110. (2004) arxiv:hep-
th/0405033  
[27] X. Calmet, On the precision of length 
measurement. Eur. Phys. J. C54, 501-505, (2008) 
arXiv:hep-th/0701073 
  
 
Acknowledgment 
The author acknowledges useful discussions with 
Robert Shuler and Ronald Macken.    


