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ABSTRACT: In this paper, we study the cosmological inflation phenomenon in symmergent
gravity theory. Symmergent gravity is a novel framework which merges gravity and the
standard model (SM) so that the gravity emerges from the matter loops and restores the
broken gauge symmetries along the way. Symmergent gravity is capable of inducing the
gravitational constant G and the quadratic curvature coefficient cp from the loop corrections
of the matter sector in a flat space-time. In the event that all the matter fields, including
the beyond the standard model (BSM) sector, are mass degenerate, the vacuum energy can
be expressed in terms of G and cp. The parameter which measures the deviation from the
mass degeneracy is dubbed &. The parameters, cp and &, of symmergent gravity convey
the information about the fermion and boson balance in the matter (SM+BSM) sector
in number and in mass, respectively. In our analysis, we have investigated the space of
the symmergent parameters co and & wherein they produce results that comply with the
inflationary observables ng, r, and dn,/dInk.

We have shown that the vacuum energy together with the quadratic curvature term arising
in the symmergent gravity prescription are capable of inflating the universe provided that
the quadratic curvature coefficient cp is negative (which corresponds to fermion dominance
in number in the matter sector) and the deviation from the mass degeneracy in the matter
sector is minute for both boson mass dominance and fermion mass dominance cases.
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1 Introduction

The Standard Model (SM), which elegantly expresses the fundamental particles that make
up the visible matter in the universe and the interactions between these particles, is the
result of nearly a hundred years of work, both theoretically and experimentally. This model
has been completed in terms of its predictions of particle spectrum with the discovery of
the Higgs boson at the Large Hadron Collider (LHC) [1]. Regardless of all achievements
of SM at Fermi energy scales, there still exists many problems such as dark matter [2, 3],
neutrino masses [4, 5], incorporation of gravity into SM, etc., which are to be undertaken. All
these problems demonstrate that there should be new physics beyond the SM. Furthermore,
lack of any new physics sign at experiments tempts one to think about SM to be valid up
to the Planck scale, which is the scale of gravity. However, SM is an effective quantum
field theory (QFT) in flat space-time, which possess hypersensitivity to the ultraviolet (UV)
scale. To put it more explicitly, gauge and scalar boson masses, and also vacuum energy
gets huge loop corrections proportional to quadratic and quartic power of UV cutoff scale
A. Getting these UV corrections breaks the gauge symmetries of QFT explicitly. To restore
gauge symmetries, there is a novel approach called symmergent gravity, which eliminates
all UV sensitivies of QFT via emergence of gravity [6-8].

Symmergent gravity may be considered as a special form of affine f(R) gravity [9], which
incorporates a quadratic curvature term, whose parameters originate from loop factors of a
flat space time QFT. These loop factors bear the footprints of the boson-fermion balance
both in number and mass in the new physics sector. Studying cosmological implications of
symmergent gravity is essential for obtaining crucial information about the nature of new
physics. Recently, black hole studies have given critical signatures of symmergent gravity [10—
13]. Cosmological inflation is pivotal to constrain the gravitational theories. Therefore, it is
also expected to be suitable to investigate symmergent gravity in the inflationary setting.
There is a vast literature on inflationary cosmology [14]. Amongst the diluge of inflationary
models the single field models are the predominant ones. A large number of these single field
models calculate the inflationary predictions by considering a non-minimal coupling between
the inflaton and the curvature (see [15-29] and references therein).



In this work, we study cosmological inflation in symmergent gravity framework with a
constant potential. The constant potential used in this work is the vacuum energy of matter
sector which is not power-law in the cutoff. Cosmological inflation in symmergent gravity
without considering the effect of vacuum energy has been studied [30] analytically via a
comparison with the Starobinsky inflation. We demonstrate that, to be able to satisfy the
requirements of inflation in accordance with symmergent gravity, fermions should outnumber
the bosons in the matter sector (SM+BSM) regardless of whether the bosons or the fermions
have the mass dominance.

The paper is organized as follows: in section 2, the symmergent gravity and the related
cosmological parameters of inflation, such as slow-roll parameters with respect to canonical
field (o), are introduced. Then, in section 3, the results of our inflationary analysis are given.
Finally, the discussion of our results has been undertaken in section 4.

2 Model

2.1 Symmergent gravity

Symmergent gravity is a new type of emergent gravity theory which prioritizes restoring
the broken gauge symmetries [6-8, 31-33]. In this manner, it differs from other emergent
gravity theories, such as Sakharov’s setup. In general, a UV momentum cutoff A on QFTs
breaks explicitly all the gauge symmetries. This is because, a QFT of scalars ¢ and gauge
bosons V,, with the action S[n, ¢, V] gets the one loop correction

6S[n, ¢, V] = / d*z/—n (—VO — oM = emmiP A% — N2 + cVAQV#V“> . (2.1)

where Vj is the vacuum energy that does not have A, ¢p is the loop factor describing the
quartic vacuum energy correction, ¢ is the loop factor of quadratic scalar mass correction,
cy is the loop factor of loop-induced gauge boson mass, and ¢,, is the loop factor of quadratic
vacuum energy correction. Here, 1, is the flat metric with the signature (+,—,—, —).
Typically, gauge fields acquire a mass term like cVAQVMV” as in (2.1). This gauge boson
mass term is responsible for the explicit symmetry breaking because the UV momentum
cutoff A is not a Casimir invariant of the Poincare group. Sakharov associates Mp; with
the momentum cutoff A, and this results in a Planckian sized cosmological constant and
Planckian sized scalar masses. It also falls short in ameliorating the broken gauge symmetry.
Symmergent gravity, on the other hand, approaches the problem from a different angle by
claiming that this explicit gauge boson mass term can be alleviated by using the famous Higgs
mechanism. Here, it is important to realize that the UV cutoff A is a Poincare (translation)
breaking scale and the corresponding Higgs field must also be a Poincare breaking one. This
leads one to discern that the sought-for Higgs field is the affine curvature [6, 7] defined via

A A A A
R (T) = 0n\l'y, — 010 + Ff\pI‘W — FPVFZ/\, (2.2)
as the curvature of the affine connection Ff;l,, which is completely independent of the Levi-
Civita connection gl“fw of the metric tensor g, .



The prescription of the symmergent gravity framework in order to remedy the gauge
symmetry breaking problem can be described as follows. First, one takes the effective QFT
in (2.1) to a curved space time with metric g,,. Second, one carries out a map in the
gauge boson mass term

VAPV VE = eV, (Mg — R (9)) V. (2.3)

In doing this map one uses the notion that the Ricci curvature of the curved metric can show
up only in the gauge sector via the covariant derivatives. Third, one promotes UV cutoff A
to affine curvature just like the promotion of vector boson masses to the Higgs field:

A2g" — RM(T) . (2.4)

As a result, the effective action in (2.1) leads to the metric-Palatini action [34, 35]

Selg. R K] = [ d4x\/—7{ Vo - 1o R(e,T) — 2 (R(5, 1)) - Lol R(g, T)
+ceytr [VH (R (T) — R, (1)) VY] }, (2.5)

in which R(g,T") = ¢""R,,,(I') is the affine curvature scalar, and ¢ is a real scalar field.

Here, it is time to elaborate on the Newton’s constant G, loop factors co, cy and c4
that depend on the details of the underlying QFT. The Newtons’s constant GG, arising from
the quadratic vacuum energy correction term in (2.1), is expressed in terms of mass-squared
matrix M? of all fields as

Gl = Siﬂstr[MQ], (2.6)
in which str[M?] = 32, (—1)** (2s; + 1) tr[M?],, (str[...] stands for super-trace) where s;
is the spin of the QFT fields ¢;(s; = 0,1/2,...).
The quadratic curvature coefficient cp, which is induced as the loop factor of the
quartic vacuum energy correction metamorphoses into the quadratic curvature coefficient
in symmergent gravity and has the value at one loop [8]

_m—ny
€= 6472 ’

(2.7)

which is universal in that here ny(ny) is the number of bosons (fermions) having masses
from zero way up to the gravitational scale.

The vacuum energy density Vg in eq. (2.5) is defined as str[M?%]/6472, and it is equivalent
to

1 4 4

where my, (my) stands for the boson (fermion) mass.



In the limit where all the boson and fermion masses are set to a common mass My (mass-
degenerate limit), which can be considered as the characteristic scale of the QFT, vacuum
energy may be expressed in terms of Newton’s constant and the loop factor co as follows

M 1

Vo = )=
07 64r2 (np = ny) 2(87G)?%co

(2.9)

If one wants to consider a QFT of characteristic scale My but whose mass spectrum is not
necessarily mass-degenerate, a more realistic expression for vacuum energy may be written as

1-a&

Vo= (87G)2co’

(2.10)
in which & is a parameter expressing the deviation from mass-degeneracy. In this expression,
& > 1 (& < 1) corresponds to boson (fermion) mass dominance.

In order to make the equations compact, we will keep V4 in closed form until the
inflationary analysis part in section 3.

The affine connection in the metric-Palatini action (2.5) can be eliminated dynamically
by solving its equation of motion (namely érSp[g, R, R] = 0)

'V (V=g D) =0, (2.11)

such that "'V, is the covariant derivative of the affine connection I‘;\w, and

~ 1 C C
B = (31 + L6 + CR(9.T)) g — cvir VWi (2.12)

is the disformal metric of tensor fields, including the affine curvature R(T") itself. The motion
equation (2.11) can be recast into

'V (VED D) =0, (2.13)

where

g\ /6 .

]D)/u/ = (]ﬁ)) ]D)ul/ . (214)
This new form of the motion equation (2.13) implies that D, is covariantly-constant with

respect to Ff‘w, and this constancy leads to the exact solution

1.
F//)V - §(D DM (0uDyp + 0D g — 9,D)
1.

=90, + 5 (DY (ViDyp + VoD = VD) (2.15)

in which, needless to say, gl“ﬁy is the Levi-Civita connection of the curved metric g, .

The Planck scale is the largest scale, and therefore it is legitimate to expand the affine
connection (2.15) and obtain the curvature in terms of Mpj. In order to accomplish this,
we first define

1
]D);w = §MI2’1 9uv + A‘u,zn (216)



where

c c
Ay = (Z¢2 + gR(97F)> Guw — evtr VW] . (2.17)

In powers of Mpj, the affine connection takes the following form

\ A =\ =A AT —4
O =T+ (VD + VD, = VD ) + O (Mg*), (2.18)
in which
_ 1.,
Dy = Ay — éA o Juv - (2.19)

The curvature is obtained up to O (MFTIQ) as follows

R,/ (T) = Ry, (°T) VoV Dy + VOV, Dy, — OB, — V.V, D5 ) +0 (M), (2:20)

TS (
so that both Ffw and R, (I') contain pure derivative terms at the next-to-leading O (M}T 2)
order [6, 7].

The expansion in (2.18) ensures that the affine connection F,))u
order by order in 1/M2 despite the fact that its motion equation (2.11) involves its own
curvature R, (T') through D, [7]. The expansion (2.20), on the other hand, ensures that the
affine curvature R, (I") is equal to the metrical curvature R, (') up to a doubly-Planck

is solved algebraically

suppressed remainder. In essence, what happened is that the affine dynamics took the affine
curvature R from its UV value A?p to its IR value R in eq. (2.20). Indeed, in the sense of
holography [36], the metrical curvature R sets the IR scale [37] above which QFTs hold
as flat spacetime constructs [38, 39].

Under the affine curvature in eq. (2.20), the metric-Palatini action Splg, R, R] in eq. (2.5)
reduces to the GR plus quadratic curvature term

M2
Splg,R, R] = /d‘*x\ﬁg{ ~Vo- =R %32 - %’qbQR (2.21)
2AHY 1 1 1
- ¢ VAoz — S Vv A" — -0A v 10 VDAK
MI%I (V \ i 3v VA, 5 vt 129u n)

+0 (M) }

in which R = ¢" R,,,(“T") is the usual curvature scalar in the GR and A, is defined in
eq. (2.17).

One notices that the gauge field contribution in eq. (2.5) vanishes at the leading order.
The remainder involves derivatives of the long-wavelength fields ¢ and V,,, produces thus no
mass terms for these fields, and remains small for all practical purposes.

In a cosmological spacetime (like Friedmann-Robertson-Walker (FRW)), the vector
fields V}, cannot form a background (excepting SU(2) gauge fields). In such a case, the



action (2.21) takes the form:

M3 1
Seos = | d4x¢fg{ —Vo— R BR? — LY R+ 20,0016 V(¢)

+MQP%I< i R) <C¢¢ + R>+(’)<MI;14) } (2.22)

after restoring the kinetic and potential energy densities of the scalar field.

2.2 Cosmological inflation

At first glance, the cosmological action (2.22) seems to be too complicated to investigate
the cosmological inflation because it incorporates the non-minimally coupled fourth-order
and sixth-order gravity terms. This paper constitutes the first step towards the investigation
into the full action (2.22). Therefore, the rest of the paper is devoted to the case, where
we ignore the ¢ sector and Mg, suppressed terms but keep the vacuum energy density term
Vo. This choice reduces (2.22) to the simpler form

M2
Scos = /d4$\/jg{ — TPqR — %RQ — Vb} (223)
This fourth-order gravitational action can be cast into a non-minimally coupled auxiliary

field action in the Jordan frame via the scalar-tensor theory and f(R) gravity equivalance.
Doing this, (2.23) takes the form

2
SJ_/d‘*a;\/ { <1+4M2 X>R+16x —Vo} (2.24)
Pl

where y is the auxiliary scalar. In this action, the total potential in Jordan frame reads

— _ v 2.2
Vi=W 16X (2.25)

By performing the conformal transformation

G = F(X) 9w (2.26)
in which
CO 2
F(x)= |1+ —o0 2.27
(x) ( +4Mg1x>, (2:27)

the Einstein frame action is obtained as follows
M2
Sg = /d4m\/—g{ PlR—{— 0 o olo — Vg(o )} (2.28)

where the potential in Einstein frame in terms of auxiliary field y is defined as
Vi) _ Vo 2x

Ve(x) = F(y)? = (1 R 4M2 § )2,

(2.29)



and the auxiliary field is dressed into the canonically normalized field

3
o = Mp \/g In F(x). (2.30)
In terms of canonical field o, the potential in Einstein frame reads out
2
Voo [M (/35 1) ]

Vi(o) = : (2.31)

2./2_9o
e \/;Mm

2.3 Inflationary observables

By using slow-roll parameters, inflationary predictions can be defined [40]. The slow-roll
parameters in terms of the canonical field o have the forms

1”}%1 LEU 2 2 LE(Tcr 2 A [EULEJO'U
= —= [ == = M5 —— = Mp ———F— 2.32
€ 9 ( V ) i Pl v, ) g Pl ‘f2 ’ ( )

wherein the subscripts ¢’s imply derivatives.
In the slow-roll approximation, inflationary observables, ng,r,a = dngs/dInk, can be
described as

ns=1—06e+2n, r = 16e,
dng

o =
dink

Here, ng is the spectral index, r, the tensor-to-scalar ratio, and o = dn,/dInk is

= 16en — 24€* — 2¢2. (2.33)

the running of the spectral index. In addition, the number of e-folds, in the slow-roll
approximation, can be written in the following form
1 7+ Vg do

N, = :
M2 Jo. Vi,

(2.34)

here, the subscript “,” implies the quantities at which the scale corresponding to k. exited
the horizon. Moreover, o, describes inflaton value at which the inflation ends. One can
easily find o, by using €¢(o.) = 1. The number of e-folds should be in the range between
~ 55—60. On the other hand, it is pivotal to use the exact value of N, which depends on
universe evolution. Assuming the standard thermal history after inflationary era, N, can
be found, and inflationary predictions can be computed accordingly. With this assumption,
N, takes the form [41]

1 D 1 Pe < 1 1 > Or
N, ~64.74+ =1 - 1 ~ ) mL 2.35
' +2HM1§1 3(1+wr) nMél—i— 31+w,) 4 an%l (23
here, p. = (3/2)VE(oe) describes the energy density at the end of inflation and p, corresponds
to the energy density at the end of reheating. Also, p. &~ VEg(o,) is the energy density at
which the scales corresponding to k. that is exited the horizon.
In addition, the curvature perturbation amplitude in terms of ¢ can be defined in the

following form

2 Y

A= —— - _E
R 12mME V2,

(2.36)
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Figure 1. o/Mp; vs. V(0)/Mg, for co = —10'°, & = 1.1 (left) and & = 0.95 (right).

and this should be well-matched with the value of A% ~ 2.1x 107 from the Planck results [42]
for the pivot scale k, = 0.002 Mpc~!. In addition, w, is the equation of state parameter
during reheating. Throughout this work, following the instant reheating assumption, we take
w, = 1/3 while computing the inflationary predictions.

3 Analysis

In this section, we declare our results for the inflation potential defined in (2.31) together
with the vacuum energy density Vj given in (2.10). This form of potential is in Einstein
frame and in terms of canonical scalar field o. It is important to note that here, for our
numerical calculations in this section, we use the units where the reduced Planck scale
Mp, = 1//(87G) ~ 2.43 x 10'8 GeV.

The potential profile of the inflaton is depicted in figure 1 for co = —10'°, & = 1.1 (left
panel) and & = 0.95 (right panel) cases. For & = 1.1 — 0, ~ 5.41676 and o, ~ 0.799354,
as well as, for & = 0.95 — o0, ~ 5.41898 and o, ~ 0.988536. A comparison between the
left and right panels of the figure 1 asserts that, as & increases, o, decreases, even though
o« has a negligible change between two & cases. This means that the duration of the
inflationary epoch is greater for the & > 1, which corresponds to a matter sector in which
bosons outweigh the fermions.

Before going into the details of the numerical analysis, it is useful to give the inflationary
predictions of the model from an analytical standpoint. The spectral tilt ngs and the tensor-
to-scalar ratio r in our model have the asymptotic expressions in terms of the number of
e-folds N, as

2 9 12

—_—— N — 1
N* 2N*27 r NE? (3 )

ng~1—

whose numerical values for N, ~ 60 are ng ~ 0.965416 and r ~ 0.003. These are exactly

the same values that have been reported for the Starobinsky inflation and this makes sense

because those asymptotic expressions in (3.1) are derived in the limit where o > Mp; and

our vacuum energy density term V being proportional to the Mf%l is ineffective in this limit.
The numerical analysis involves calculating the inflationary predictions ng, r, and

dns/dInk, for this potential and comparing our results with the latest constraints given by
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Figure 2. Inflationary predictions of the potential in (2.31). The left panel shows ns — r values for
co = —1.02 x 10'% and 1.01 < & < 1.15 and blue(red) contours indicate the recent 95%(68%) CL
given by BICEP /Keck [43]. Right panel shows r — ng values, where each dot corresponds to a different
& value (color coded) but to the same co = —1.02 x 10°.

BICEP /Keck [43]. We display our results for two different cases: i) & > 1 and ii) & < 1.
These show the effects of bosons and fermions dominance with regard to masses on the
inflationary predictions. In our numerical results, instead of taking number of e-folds as a
constant, such as 60, we use N, which is given in eq. (2.35) supposing the standard thermal
history after inflationary epoch.

Figures 2 and 4 display the inflationary predictions of the potential in (2.31). In figure 2,
the left panel presents ng — r values for co = —1.02 x 10'° and 1.01 < & < 1.15 and the
right panel presents ns — r values, where each dot corresponds to a different & value (color
coded) but to the same co = —1.02 x 10'°. Similarly, in figure 4, the left panel shows
ns — 1 values for co = —1.035 x 10'° and 0.13 < & < 0.97 and right panel shows ng — r
values, where each dot corresponds to a different & value (color coded) but to the same
co = —1.035 x 10'°. In the left panels of both figures, blue(red) contours indicate the recent
95%(68%) CL given by BICEP /Keck [43].

For both & > 1 and & < 1 cases, we find ns =~ 0.967 and r =~ 0.003, and these predictions
remain inside the 68% CL. As is widely known, plateau type potentials have the property
that the canonical field potential approaches to constant value for large field values. These
are also known as the R? (Starobinsky) type inflation models [44] and for N, ~ 60 e-folds
they predict ng ~ 0.966 and r ~ 0.0033. These values of the predictions are also within
the 68% CL of the Planck results. Therefore, we can conclude that the predictions of our
model is very close to the R? (Starobinsky) model, which are both very compatible with the
observational data, residing inside the confidence regions of 1-o in the latest constraints.

Furthermore, figures 3 and 5 show that in order to produce inflationary predictions
which are consistent with the current data, the quadratic curvature coefficient co values
should be in the range —1.020 x 1070 < ¢p < —1.0165 x 10719 for & = 1.1 and —1.03576 x
10710 < ¢p < —1.03572 x 10719 for & = 0.95.

It is important to note that, there is no solution to provide inflationary mechanism
for co > 0 values. This is noteworthy in that, the analysis excludes positive cp values
which result in scalaron (inflaton) as a tachyon. Note also that, since co is a loop induced
parameter of symmmergent gravity which depends on (n, — ny), excluding the positive
values of c¢o for the successful inflation means a (SM+BSM) matter sector wherein fermions
outnumber the bosons.
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Figure 3. Inflationary predictions of the potential in (2.31) for & = 1.1. Top panel shows co — ns
(left) and co — r (right). Bottom panel shows ngs — (dns/dIn k).

In addition, the plots present that for & > 1 cases, we have reasonable results of
inflationary predictions only for the values 1.01 < & < 1.15. It is important to mention
that for & = 1.15 values, there is no solution to satisfy the inflationary predictions for our
model. However, there are no such limits to have a satisfactory inflationary parameters
for & < 1 values.

Finally, we show the results of dns/dIn k for our model in the bottom panels of figures 3
and 5. Current observational resolutions for the running of the spectral index are not good
enough to definitely rule out a model but with the improvements of future observations, such
as 21 cm line [45-47], we expect strong constraints to be able to test the potential model.

In summary, the numerical results show that our model has fermion surplus because we
have only solutions for ¢cp < 0 values. Also, for these co values, we display our results for the
effect of bosons and fermions dominance in terms of masses on the inflationary predictions. It
can be emphasized that our model has an excess of fermion number, also the predictions are
in good agreement with the latest constraints for both fermions’ and bosons’ mass dominance.
For our model, we find that ns — 7 values are very close to the results of R? inflation model
and both results agree very well with the current data.

4 Conclusion

Symmergent gravity is a new emergent gravity framework that merges SM and gravity and
concurrently restores the broken gauge symmetries of the QFT. In this paper, we have
studied the cosmological inflation in symmergent gravity because cosmological phenomena are
legitimate test-beds for gravitational theories. We have constrained the symmergent gravity
parameters co and &, whose origins are the loop-induced interactions of matter sector in flat
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Figure 4. Inflationary predictions of the potential in (2.31). The left panel shows ns — r values for
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Figure 5. Inflationary predictions of the potential in (2.31) for & = 0.95. Top panel shows co — n,
(left) and co — r (right). Bottom panel shows (ns — dn,/dInk).

spacetime. The loop factor co related to the quartic corrections (A*) turns into the coefficient
of quadratic curvature term in symmergent gravity. This coefficient carries information about
the difference of total fermion and boson numbers (n, — ny) in the underlying QFT of SM
together with the BSM sector. The parameter & in vacuum energy is a measure of deviation
from the characteristic mass scale of the QFT for the boson and fermion masses.
According to our analysis, to be able to satisfy the inflationary mechanism co should
be a negative number at the order of 10'° and this corresponds to an inflationary epoch
where fermions outnumber bosons in the matter sector. In the first place, this is not startling
at all from a theoretical standpoint because a theory which excludes scalaron as a tachyon
should have a negative quadratic curvature coefficient if the theory is written using the
West-coast metric signature. Second, as an effective theory, SM already has fermion number
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dominance. Moreover, recent black hole studies [11] report parallel results. Furthermore,
our analysis shows that both cases of fermion mass dominance (& < 1) and boson mass
dominance (& > 1) satisfy the inflationary period as long as the deviation from the mass
degeneracy in the matter sector is minute.

As a result, the analysis is novel in that co is proportional to n, — ny in the underlying
QFT and enables therefore probing of the QFT spectrum via the inflationary dynamics.
The novelty comes also from the vacuum energy Vj, which indicates the deviation from
mass-degeneracy with &. It is shown that for successful inflationary period it does not matter
whether the matter sector has fermion mass dominance or boson mass dominance.
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