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Abstract: In this work we will study 3 differentjmodels for f(R) modified gravity (Starobinsky, Hu-Sawicki and
Exponencial);andlconstrairﬁfhe parameter?for each model using observational data from different surveys to find
viable cosmological scenarios.
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I. Introduction

Although the theory of General Relativity (GR) has been one of the most successful theories so far it didn’t stop
physicistfrom introducing modifications and proposing changgs to create a more general and an ideal theory of
gravity. In fact the first alternative to GR was introduced in 19 shortly after it:s pukk@ion in 1915. The theory
studied in this paper, the f(R) gravity, was introduced in 1970 by Hans Adolph Buchda

As there are many potential forms of f(R) gravity, since it merely replaces the Ricci scalar R with an arbitrary
function of that same scalar f(R) in the standard Einstein-Hilbert action, it is easy to see that it can become difficult, if
not impossible, to find generic tests, especially considering that those deviations from GR can be made arbitrarily
small.

f(R) theories of gravity have been active fields of research, mainly in cosmic inﬂatio@and given the arbitrary
nature of the function used to generalize the Ricci scalar it is important to put these theories to the test to narrow down
the several theoretical models introduced so far.

Today we know that GR might have some shortcoming, such as the mystery behind dark energy, dark matter and
the speculative nature of inflation, and so it’s possible that those phenomena can be explained by a theory of modified
gravity.

With that in mind a lot of theories of modified gravity have been proposed throughout the years and, because of
the Lovelock’s theoremy we can classify the theories of gravity in four different ways, depending on how each violates
each postulate of this pheorem:
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Figure 1. Organization of the different theories of gravity based on the violations of Lovelock’sytheorem and the
observational surveys that have already been used to constraint each theory so far. [Lq’r! 2NCR
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As we can see’most of the observational surveys pised to constraint modified theories of gravity are of cosmological
nature. This is because gravitational phenomena stt=in our solar system is in agreement with GR, which means that
all of these theories of modified gravity must agree with GR at our scale.

There are also experiments to study gravitational fields at t}{e f 19{/?1__&3‘1" scalgbut those will not be considered in
this paper. .Qm’dgd’l'\ﬂ L\ & °

With cosmology gaing everyday frem a more quantitative science, and new observational data coming in the
next few years, we will be able to further constraint these and many other models of modified gravity.

On Section II we will introduce f(R) modified gravity and the three models we will analyze throughout the
paper.

On Section III we show the observational surveys used to provide observational data.

Finally on Section IV we will show the statistical results for a set of cosmological parameters for each f(R) model
considering early and late time samples.

Unl@eciﬁed most of the content shown in this paper is based o@nd part of the introduction is also based
6 : hnd ]
o nd 1,

Todan as Pﬁaum Ao am dexb teon dr sor hormadas do q‘-()c,(@@%?py

IL f(R) Modified Gravity c 11'0‘/'
As with every modified theory of gravity, it starts by modifying the Einstein-Hilbert; in this case by addini an

arbitrary function f(R), where R is the Ricci scalar:
’ J S0y haw do g0 @ TUR |
f(R) 4 cch 'io‘fwm‘l' !
0/~ S[guv, ] = /Tk\/ —gd*x + Slgu, gl T ) on oF 6 ¢ 1) niaw
! (e feds. Gty ouion [N ’;2
L ere G = c =1,k = 8m and Sy, is the action for matter. Comptting the Einstein tensor (G, = Ryy — gvuR/2)

using Equation (1) we obtain the Einstein field equations:
———
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ere Ty, is the energy momentum tensor that we consider to be an ideal fluid composed by baryons, dark

kq, Guv = [fxrVyVuR + frrr(ViR)(VuR) —

(Rfg + f + 2kT) + KT} ] @)

%

matter and radiation.
To obtain viable cosmological models we consider a flat, homogeneous and isotropic space-time which is given
by the FERW metric:

ds® = —dt* + o (t) [dr® + r*(d6* + sin*0d¢?] @)

We are now in conditions to derive the equations for a f(R) modified gravity. First we can compute the second
order equation for the Ricci scalar: Cw;\]p

.. . 1 .
R = —3HR — —— [3frrrR2 +2f — frR + KT} @
3frr
With the previous results we can now derive both of the Friedmann equations, where H = 4/a is the well known
Hubble parameter: Givo 9-08' \

1 o1 kT!
HZZ—E[fRRHR—g(RfR—f)]—ﬁ )
¢
HZ—HZ—;[fRRHRvLJgﬂL]?] (6)
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We can also derive the effective energy density and pressure of the fluid in a f(R) modified gravity:

Peff = f [ (fRR — f) — 3frrRHR 4+ kp(1 — fr)] )

1 .1
Peff = 3kf [ (fRR+f)+3fRRHR k(P 3PfR)] (8)
We can now determine the equation of state (EoS) for this fluid in f(R):

3H? +3kP — R
“eff = T3(3H2 — kp) ok us ©)

Now that we know our cosmological fluid behaves in a general f(R) theory,@consider the following models:
1. Starobinsky model:

2
F(R) = R+AR5[(1+%)_”’—1] (10)
S
2. Hu-Sawicki model:
R n
Cl(r)
f(R)=R - RHS(RH)S (11)
c n4+1
].vq\\ Rys
3. Exponential model: = " " wnho“*" J‘ hown
% tskfow. Yoo F(R) = R+ BR.(1 — e R/R) (12)

@here all of the@sarameters mentioned)above will be constrained later using observational data. Howeyer it
was proposed a new parameterization, called the JJE parameterization, for general EoS of f(R) defined as: te

- 14 w0
wip(z) = -1+ 15 oz cos(w3 + z) (13)
This parameterization' wasn’t added by chance. Integrating Equation (4), Equation (5) and Equation (6)
numerically we can see that we can parameterize the EoS of each model as a more general EoS with different
numerical values for wy, w1, w, and ws for the 3 different models considered.
However finding the best fit values for the parameters of Equation (13) is a difficult task, especially in the CLASS
code used to run the simulations. So a modified version of the EoS: W,
-ﬂﬂ, pultheé nos

cansbol with worss,. L wcos(av(z)) B b
Mote o $ho avrwes oF wiry = 1+ = a V) = 22/ %Zo:l)\ll;d ‘{LZ m&c\g (14)

. oVl .
Huis vl “ﬁflgf%%oconstraint the free parameters of the model @ gravitational tests performed whit in our solar
system as they are in agreement in GR and are the most accurate gravitational data so far. After introducing those
constraints the best fit values are:

Starobinsky Hu-Swicki Exponential
Parameter WJIJE (L}f(R) WJIJTE wf(R) WJTE an(R)
wo 0.145 | 0.09 | 0.049 | 0.024 0.384 0.358
w1 0.106 | 0.11 | 0.310 | 0.310 | 0.000014 | 0.03
wy 4.491 7 4.395 | 4.000 11.370 11.00
w3 7.374 - 7.348 - 0.684 -
« - 1 - 1 - 1

Table 1. Best fit values for EoSs Equation (13) and Equation (14) for each of the considered models.

1 We can see that for high values of z we can recover w — —1 for a general f(R) EoS.
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With the previous table we have all the free parameternged,fto define@cosmological fluid for each of the 3
different models consideged.

With that in min s‘@ ime to move on to the next section, where we will introduce an overview of the data used bj []
from different observati¢nal surveys. 7 Q@*

s 1 . \& '
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III. Observational Data b J \60\) Lt W™

Considering that this paper aims fo study these models both at early and late time universill use data
from Supernovae Type la (SNela) lyminous distance, Baryon acoustic oscillations (BAO) redshift sturveys, high-z
measurements of H(z) from Cosmig Chronometers (CC), Cosmic Microwave Background (CMB) data from Planck
2018 and detection of Lyman-a (Ly¢) radiation in both emission and absorption lines.

Instead of providing the'yaluesYor each of these observational surveys ‘ instead provide a quick conceptual

%overview of each of the surveys mentioned before.

1. The SNela samples used are given by Pantheon?, a program that was-used-ta provide$uswith-the-data-regarding.
~the measurements of t})é type Ia Supernova, the well known "standard candles”. e ¢;) Uk: o nYyewn - pho b 1
2. BAOMIT are density fluctuations regarding visible baryonic matter caused by density waxes’in the ps
Q D\ Y These matter clusters provide a "standard ruler" for cosmological lengths as there is a maximum distance
6 £ these waves would travel before the plasma could cool down into neutral matter which stopped the expansion
Q 3 and freezing them into place.
8 3. CC consist in passively evolving old galaxies whose redshifts are known that allow us to extract the values of
1$§ H(z) for several values of z. These are known as the "standard clocks".
4. The CMB is the background radiation that we measure coming from all directions in the sky. This relic radiation
s gives us the last scattering surface for photons and so it includes information regarding the early stages of the
é universe, especially during photon decoupling in the recombination epoch.
5. Ly-a%l is the spectral analysis of hydrogen in large scale structures both in emission and absorption. This
provides information regarding the structure formation of these structures, dark matter, distribution of matter
and the cosmological constant.

The the complete data sets used in this work we refer the reader to the main paper where all of this information is
present in chapter number 5 titled "Observational samples". dﬂs Y ]9,(

With all of the data introduced iré this chapter and thve\ models introduced previously, we are now in conditions e
cambine these 4#we-and obtain the Qu2 he cosmological parameters.

vl comping L o

IV. Results aﬂ/ﬁ W)JQ

In this section we mu.LlADQw the statistic results of several cosmological parameters obtained using the 3 models
introdLEEd previously using the data from the, previous section. For the sake of readability our tables will only show
VaXeas v fodn metev
4k meamand the upper and lower limit for each walue. For more information regarding the complete statistica ‘{_
analysis (best fist, 95% C.L., etc.) we refer the reader to the main paper. Pova mﬁl‘a Constraiuls
To have a better unflerstanding of how each model behaves we first considered £arly and late time samples
separately. Using the late time data samples (Pantheon SNela, CC and BAO) the statistical results for each model
are present in Table 2, while the statistical ses-uhs[f:(:)r each modeljusing early time data samples (CMB and Ly-«) are

present in Table 3. { .
pa <3 i 0’“6{’\'am¥5
2y wpvly Pc;\ eXTGu NG
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2 Source code at Github Va\t C/l{/uk ?Jﬂ e)(!f\n,so F_DU\A F,?'? VVI/MZV( R Ces5 0 Qﬂmﬁ pﬂq
P’/F YCC’D{D\’S Se Un ﬁjp—d&,{\n}&, @C!’;\]GAOS.
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Table 2. Statistical results for a set of cosmological parameters for each model using late time samples, {eomn C 1 ‘

Parameter Mean +o
Starobinsky Hu-Sawicki Exponencial
100w, | 2247003, | 224270018 | 2241%002
Weam | 0119675001352 | 01199700015 | 0119975001422
wo 0.02378 0018 | 0.2574707% 0.02409 70012
Ho 68.0275572 672752 6796073
1n1010 A, 3.0437501% 3.04475016 3.04175016
s 0.9667 000200 | 0.9663 7050 0.9644 0002
Treio 0.05409 00T [ 0.0536670.00%8 | 0.05253 705072
Qn 0307170057 031537000 0308170013
Q014 0.69287050¢ [ 0.6846 013, 0.6918" 55> (,
Y, 0.2479783¢73 [ 0.247978% 3 | 0.24797057¢ 3 fo ‘2
o8 0.8227 700098 1 0.8193 7001 . | 0.82177 500772

Table 3. Statistical results for a set of cosmological parameters for each model using early time samples ‘F\(D\M E ]
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Now det’s see how each model behaves when consi

i Fagves 2,2 ond Y-
ed ea‘wy or late time samples, and then see how both Qé of
; - 7.
these scenarios Coml?'il;? %‘ga‘l‘rlst known observations” To do so we-made-twoplots for each-medel.
fathe left plo show e,val}ée of the Helium-4 fraction Yp, represented by dotted red line, and the uncertainty
S G 4. O 1\ at kingd . . ©
of the top hmlf‘ in blue, G@)&-pa-ré‘d the value of 100wy. The green C.L. represent the values obtained ks the
considered model. 5[ +1’t9$9-‘;\‘gurtf>
Q’fhe right plofweswill show how the early time samples, in green, comparep to the late time samples, ;I'}'Led, for
the exact same model.-On the x-axis we have the value of Hy and one the y-axis the value of 3. We=wat also
jhﬂ . M‘\.—‘-\J\ A MW— - %“—m\
exfious-results-to the values given by Planck 2018, in purple, and the values fromy'°), in yellow.

Bor the Starobinsky model the results are in Figure 2, for Hu-Sawicki in Figure 3 and for Exponeqtial in Figure 4.
Skaogl&?: + The X avd y-oxis in fhose plots ave floand S ,respe chively
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Figure 2. C.L. analysis for the Starobinsky model. To understand the colors refer to the main text
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Figure 3. C.L. analysis for the Hu-Sawicki model. To understand the colors refer to the main text
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Figure 4. C.L. analysis for the Exponential model. To understand the colors refer to the main text
6,3&“) Oy Foom o W&Mﬂ{'Sl“
;a{T ble 4 we compute the tensions between Table 2, Table 3 and the value of Hy froompute the tension
between two models using Equation (15).

Hoy — HSroey
Ty, = IHo—Hy, | (15)

0
2 2
UHO Usurvey

—~ Starobinsky
Q@VS Planck+Ly« Uvs SNela + CC + BAO | SNela + CC + BAO vs Planck+Lya«
Hy Hy TH, Hy Hy TH, Hy Hy TH,

74.03 | 67.72 | 4.0456 | 74.03 | 68.75 | 2.0828 | 68.75 | 67.72 0.4688

~\ Hu-Sawicki
U9 vs Planck+Lya vas SNela + CC + BAO | SNela + CC + BAO vs Planck+Lya

Hyg Hy Th, Ho | Ho Th, Ho | Ho T,
74.03 | 67.6 3.46 74.03 | 68.41 3.5597 | 68.41 | 67.6 0.513
~ Exponential
(1°Dvs Planck+Lya Uvs SNela + CC + BAO | SNela + CC + BAO vs Planck+Lya
Hy Hy Ty, Hpy Hy Ty, Hpy Hy Ty,
74.03 | 68.2 | 3.587 | 74.03 | 68.86 1.9744 68.86 | 68.2 0.282
Table 4. Tension values for parameterisation for each model and different observational surveys

()\)Jr/ @r Wa ‘Hd {
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V. Discussion and Conclusions

We can see, comparing Table 2 with Table 3, that all values from the 3 different models are approximately equal
to each other{except for one which is the value of wy obtained using early time samples for the Hu-Sawicki model,
however it does come with a great uncertainty associated with it.

abundance, and are consistent with the data from Planck 2018 but in tension with the data from '°}. Also worth
mentioning is that with both early and late time samples all models appear to have a negative correlation in the (), vs
Hy plotﬁ,where in the Yp vs 100wy plot}the models show a very small, but non-zero, positive correlation.

From Figure 2, Figure 3 and Figure 4 we can see that all 3 models lie in the C.L. region of the rdial helium

5 Overall these 3 f(R) modgls are in agreement with each other and with the data coming from Plank 2018, but in
- tension with the data found The usage of early or late time samples while constraining these models had almost
2 no effect on the Hu-Sawicki model but hagf some changes in the C.L. of the Starobinsky and Exponential models but
E g always preserving the negative correlation found in all 3 of them.
3

As such V\><\:1e shown that these models can indeed produce viable cosmological scenarios and could be an
g\ alternative to GR on tie cosmological scalef »
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