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➢ Why should we introduce scalar field into gravitational theory?
➢ Quintessence model and chameleon model for dark energy

➢ Trapped quintessence model
➢ International experiments on dark energy forces
➢ Varying-frequency TOF (VFTOF) experiments
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PHYSICS
THRIVES
ON CRISIS.
-- Steven Weinberg
The cosmological
constant problem. Rev.
Mod. Phys. 61, 1 (1989)

How to naturally
explain the
cosmological
constant Λ in the
so-called
cosmological
standard model
of ΛCDM

• General relativity successfully describes gravity. However, there are at least
three possible reasons for introducing scalar fields into general relativity (GR):
• ① The internal development needs of the theory: to improve GR to be
completely compatible with Mach principle (MP);
C. Brans and R. H. Dicke, Mach's principle and relativistic theory of gravitation, Phys. Rev. 124,
925 (1961).

• ② How to naturally insert the dark energy that drives the accelerated
expansion of the present Universe into the relativistic gravitational theory the quintessence model;
Ivaylo Zlatev, Limin Wang, and Paul J. Steinhardt, Quintessence, Cosmic Coincidence, and the
Cosmological Constant, Phys. Rev. Lett. 82, 896 (1999).
Bharat Ratra and P. J. E. Peebles, Cosmological consequences of a rolling homogeneous scalar
field, Phys. Rev. D 37, 3406 (1988).

• ③ Whether dark energy is homologous with the cosmic inflation field.
Hai-Chao Zhang, Obtaining a scalar fifth force via a symmetry-breaking coupling between the
scalar field and matter, Phys. Rev. D. 2020, 101, 044020.

where a is the
scale factor of the
Universe, ρm the
density of matter.

In a word, it is not perfect to describe gravitation only by tensor fields new physical fields, such as scalar fields, need to be introduced into GR.
By HC Zhang

Quintessence is an idea of describing the
cosmological constants with scalar fields. But the
scalar field is not necessarily the quintessence.

Upgraded version of quintessence model -chameleon
model: By invoking the couples with matter to obtain
the cosmological constant.

The simplest Quintessence model
Disadvantages:
The value of self-interaction
potential cannot be fixed to
mimic the cosmological constant.

Bharat Ratra and P. J. E. Peebles, Cosmological consequences of a rolling
homogeneous scalar field, Phys. Rev. D 37, 3406 (1988).
Ivaylo Zlatev, Limin Wang, and Paul J. Steinhardt, Quintessence, Cosmic
Coincidence, and the Cosmological Constant, Phys. Rev. Lett. 82, 896
(1999).

When the scalar field has a self-interaction potential, it
can play a role of quintessence, because the selfinteraction potential of the scalar field has a negative
pressure characteristic.

Coupling function of
matter and scalar field

Vint=ρA(ϕ)

Veff=V(ϕ)+Vint

matter density

J. Khoury and A. Weltman, Chameleon Fields: Awaiting Surprises for Tests
of Gravity in Space, Phys. Rev. Lett. 93, 171104 (2004).
Junpu Wang, Lam Hui, and Justin Khoury, No-Go Theorems for
Generalized Chameleon Field Theories, Phys. Rev. Lett. 109, 241301
(2012).

▪ Chameleon no go theorems and its corollaries
▪ Solution: distinguishing the pressure and
gradient of the field

OUR TRAPPED QUINTESSENCE MODEL

self-interaction
potential of the
scalar field

+

Interaction
potential
between the
scalar field
and matter

Where equation of state

The idea: If a certain value of the
self-interaction potential of the
scalar field can be pinned by a
symmetry breaking interaction
potential, and the pinned value acts
as a cosmological constant.

For non relativistic matter

=

The model has three parameters:

M1 and M2, M 2 / M 1  121/4
Can the choice of the self-interaction
potential of the scalar and the interaction
potential with matter really meet the
requirements (that is, to mimic the
cosmological constant)?

Hai-Chao Zhang, Obtaining a scalar fifth force via a symmetry-breaking coupling between the scalar field and matter, Phys. Rev. D 101, 044020 (2020).

λ，

THE CONDITION OF ADIABATIC TRACKING
In order to mimic the cosmological constant, the
scalar field is required to be adiabatically track the
minimum of the effective potential with the
expanding of the Universe.
That is, the changing rate of the minimum position
due to the change of the matter density should be
smaller than the evolution rate of the Universe’s size.
where the Hubble
parameter H=ȧ/a
denotes the cosmic
expansion rate.

The adiabatic condition guarantees that, if the
field is initially at the minimum, it will follow the
minimum adiabatically during the later evolution.

Hai-Chao Zhang, Obtaining a scalar fifth force via a symmetry-breaking coupling between
the scalar field and matter, Phys. Rev. D 101, 044020 (2020).

The oscillation condition
That is, underdamping (under-negative-damping)
case. The Compton frequency should be larger
than the Hubble expansion rate.

,
The Compton frequency ωc is large than the oscillation
frequency
of the scalar field around the minimum
The oscillation condition guarantees that, if the field is not initially
at the minimum, the scalar field can adjust itself to the position of
the minimum.
Our trapped quintessence model satisfies the adiabatic
following condition because the minima and the effect mass

The minus sign indicates that the
minimum value of the scalar field
becomes smaller when the Universe
becomes larger.
THE CHANGING RATE OF THE MINIMUM IS SMALLER THAN THE COSMIC
EXPANSION RATE. THUS, THE COSMOLOGICAL CONSTANT CAN BE MIMICKED.

For high matter density, the matter-density-dependent
cosmological constant approaches a constant.

Physicists often use 𝜦𝐄 , the
energy scale of the dark energy
density 𝜦𝟒𝐄 , to describe the
cosmological constant, which is
defined by

For trapped quintessence model

In this model, the minimum of the scalar
field is related to the density of matter, so
the cosmological constant is a function of
the density of matter in the Universe.

In the past, due to the high density, “the
cosmological constant” tended to be a
constant; In the future, “the cosmological
constant” will be smaller and smaller.
By HC Zhang

Similarities and differences with ΛCDM model

Ztra

There are two transition redshifts in the trapped
quintessence model.

Zt1

Zt2

time

As time goes on, the matter density of the Universe
becomes smaller and smaller.
For ΛCDM model, there exists only one transition
redshift, which corresponds to the decelerationacceleration transition in the Universe’s past.

time
Another transition
redshift
corresponds to the
next transition of
accelerationdeceleration in the
future.

By HC Zhang

THE SCALAR FIELD COUPLING TO MATTER MUST LEAD TO A
NEW TYPE OF FORCE—CALLED THE FIFTH FORCE, OR SUBGRAVITATIONAL FORCE
• The cosmological constant is based on the homogeneous and isotropic assumption, so the gradient
terms in the scalar equation of motion are ignored.

• The three parameters λ, M1, and M2 can be determined by the current astronomical observation data.
• The cosmological constant, the Hubble constant, and so on are based on the homogeneous and
isotropic assumption. Only the product 𝝀𝑴𝟒𝟏 and the ratio 𝑴𝟏 /𝑴𝟐 can be determined.
• When ordinary agglomerate matter couples to the scalar, the gradient force cannot be ignored and
might be tested in the laboratory, provided that the experiments are designed properly. In our
implementation in determining the parameters, assuming that the values of M1 and M2 are on the
order of the mass scale of the cosmological constant, we can infer that the value of the λ parameter
falls on the order 𝓞(𝟏). Then, under the cosmic constraints, we impose that the chosen values of the
three parameters can correspond to an observable fifth force in the laboratory, so the model can be
tested experimentally in the fixed parameters.
λ=1/6
For the almost flat
Universe:

For the closed
Universe:

Eleonora Di Valentino, Alessandro
Melchiorri, and Joseph Silk, Planck
evidence for a closed Universe and a
possible crisis for cosmology, Nat.
Astron. 4, 196 (2020).

•
•
•

•

The interaction range of the fifth force is about 10
micrometers (based on the current cosmic matter
density)
The strength of the fifth force produced by the matter
source is about 30 orders of magnitude higher than that
of the corresponding gravitational force.
With the increase of the matter density of the
environmental background, the strength of the fifth
force decreases rapidly, and the spatial scale range of
the interaction is becoming smaller and smaller.
This ensures that the predictions of the trapped
quintessence model in the solar system and laboratory
are consistent with GR.

The fifth force is
larger near the source
surface due to the
larger gradient of the
scalar field.

Vertical profile of the scalar field generated by a cylindrical source

Rcyl
y axis
The cross section of
matter source

SEVERAL TYPICAL EXPERIMENTS BASED ON CHAMELEON MODEL

P. Hamilton, M. Jaffe, P. Haslinger, Q. Simmons, H. Muller, and J.
Khoury, Atom-interferometry constraints on dark energy, Science 349,
849 (2015).

D. O. Sabulsky, I. Dutta, E. A. Hinds, B. Elder, C. Burrage, and
Edmund J. Copeland, Experiment to Detect Dark Energy Forces
Using Atom Interferometry, Phys. Rev. Lett. 123， 061102 (2019).

M. Jaffe, P. Haslinger, V. Xu, P. Hamilton, A. Upadhye, B. Elder, J.
Khoury, and H. Muller, Testing sub-gravitational forces on atoms
from a miniature in-vacuum source mass, Nat. Phys. 13, 938
(2017).

A. D. Rider, D. C. Moore, C. P. Blakemore, M. Louis, M. Lu, and G.
Gratta, Search for Screened Interactions Associated with Dark Energy
below the 100 μm Length Scale, Phys. Rev. Lett，117， 101101
(2016).

Theses “zero” results of
precision experiments can be
explained by the saturation
effect, the short interaction
range of the scalar, and the
relatively large distances
between the sensors and the
sources.

In order to detect fifth
forces described by the
trapped quintessence
scheme, the probe
experiment might be the
best choice to allow the
test particle to travel
through the surface of the
source since the fifth force
appears in the very
narrow neighborhood of
the surface

OUR PROBING STRATEGY
➢ The fifth force appears only in the
extremely thin shell around the
surface of the source.
➢ Not only the source object but also the
test object is designed to be
constructed by the atoms of the dilute
atomic gas in the experiment
➢ Every single test atom in the
noninteraction atomic gas can pass
through the source’s surface to
independently sense the largest value
of the fifth force in the thin shell.
•
•

•

Schematic of experimental setup.
The source for generating the scalar fifth force is
part of the background atoms that is irradiated by a
pair of probe laser beams. The microscopic matter
density of the source is adjusted by tuning the
frequency of the probe laser light.
The test atomic cloud is formed by a standard laser
cooling technique, which is located 8.5 mm above the
axis center of the probe light.

MATTER DENSITY ADJUSTABLE SOURCE
➢When the background atomic system in the
ultrahigh vacuum chamber is irradiated by a
pair of laser beams, there exists a net energy
transfer between the light field and the atoms.
Thus, the matter density adjustable source for
generating the fifth force is formed in the
irradiated region.
➢By tuning the laser frequency, the matter
density of the source can be adjusted to be
denser or thinner than the effective
background density (EBD).

Spatial profile of the laser-adjusted matter
density of the source.

Variation of the source’s mass density as a
function of laser detuning Δ.

GENERALIZED MAXWELL-BOLTZMANN DISTRIBUTION FUNCTION:

The EBD ρb=Mnb is defined for the background by the overlapping extension wave functions of the background atoms in
the ultrahigh vacuum chamber. n is the total atomic number density; nb corresponds to the overlapping part.
By HC Zhang

The preparation of test atoms
Using the standard laser cooling technique known as
three dimensional (3D) optical molasses, the required test
atoms can be formed and suspended inside an ultrahighvacuum chamber.

Time of flight method (TOF)
➢ When the test atomic cloud is released, the atoms fall
vertically toward the source.
➢ When the noninteraction atoms approach the surface
of the source and then pass through the surface, the
information of the scalar fifth force generated by the
source would be sensed by the test atoms.

The calculation results: Scalar fifth force of the laser-adjusted source
versus the light frequency detuning from the atomic resonance frequency.

Varying-frequency TOF (VFTOF)

TOF signals

TOF method refers to a technique of deriving some properties of
media by measuring the time spent by test objects (including
particles and waves in a medium) over a certain distance.

 One cannot deduce the existence of the fifth force
by the TOF experiment only at a fixed detuning since
there is large systematic .
 To eliminate the systematic error, one can vary the
frequency of the laser light step by step to perform a
series of TOF experiments, the existence of the
scalar fifth force may be deduced by the contrast of
the measured free-fall accelerations between the
positive and negative detuning.
By HC Zhang

EXPERIMENTAL RESULTS
AND CONCLUSIONS
•

We experimentally demonstrated using the VFTOF
method that the free-fall acceleration of the test atoms
is dependent on the frequency of the probe light.

•

When the nonrelativistic matter density of the source
increased due to the energy gained from the laser
light, the test atoms were pulled to the center of the
source, and vice versa.

•

We explain this measured dispersion phenomenon
with a scalar fifth force theorized by the trapped
quintessence model.

•

The fifth force in the trapped quintessence model was
considerably larger than Newtonian gravity in short
distances. However, the interaction range of the scalar
was short enough to satisfy all experimental
constraints on deviations from GR.

Hai-Chao Zhang, Xin-Ping Xu, Jing-Fang Zhang, and Chuan Wang，Could
trapped quintessence account for the laser-detuning-dependent acceleration of
cold atoms in varying-frequency time-of-flight experiments? Phys. Rev. D
105, 102006

• Acceleration variations versus the detuning of the probe beams. The experimental data
are marked by the squares. Every square corresponds to an average value over the four
values of the acceleration that are fitted from the TOF signals repeated 4 times.
• The solid red curves in Figs. are calculated with the EBD ρb= 1.3 ·10−26 kg ·m−3, which
coincide basically with the experimental data in the red-detuning region.
• The dotted blue curves in Figs. are calculated with the EBD ρb= 1.9 ·10−26 kg ·m−3, which are,
in general, close to the experimental data in the blue-detuning.
• The cosmic parameters in the calculations are chosen as M2 = 4.40353 meV/c2 and M1 / M2=3,
which correspond to the closed Universe.
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THANK YOU!
QUESTIONS?
For more information, you may reach me at
zhanghc@siom.ac.cn
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