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ABSTRACT

We introduce the.ocal universescreeningTtest suite (LOCUSTS project, an effort to create ‘screening
maps’ in the nearby Universe to identify regions in our néiglrhood which are screened, i.e., regions
where deviations from General Relativity (GR) are supmési& various modified gravity (MG) models. In
these models, deviations from the GR force law are oftemgepfor smaller astrophysical objects, making
them ideal test beds of gravity in the local Universe. Howgtree actual behaviour of the modified gravity
force also depends on the environment of the objects, andike mccurate predictions one has to take the
latter into account. This can be done approximately usingdous objects in the local Universe as tracers
of the underlying dark matter field. Here, we propose a newagih that takes advantage of state-of-the-
art Bayesian reconstruction of the mass distribution inUhé/erse, which allows us to solve the modified
gravity equations and predict the screening effect morerately. This is the first of a series of works, in
which we present our methodology and some qualitative tesfiscreening for a specific MG modél,R)
gravity. Applications to test models using observationd extensions to other classes of models will be
studied in future works. The screening maps of this work aafolind at this link.
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1 INTRODUCTION

In recent years, modified gravity (MG) theorigglifton et al. 2012 Joyce et al. 2015Koyama 20162018 have been an active field of
research in theoretical, observational and computaticoamology. One of the primary motivations for studying sanobdels is to find
alternative models to explain the accelerated cosmic estpaiRiess et al. 1998 erIimutter et al. 1999that avoid the theoretical difficulties
in the standard -cold-dark-matter f CDM) paradigm. Other motivations for MG theories includeatpts to find a more complete theory of
gravity than General Relativity (GR) and to develop new wiaytest the accuracy of GR; the latter is of particular irsesince cosmological
observations have entered the precision era, and startdibtoaccurate tests of gravity on length and energy scalsyvdifferent from
where GR has been conventionally validated (&\(ll,2014).

Being a long-range force, gravity acts on all length scatemfsub-atomic to cosmological. Therefore, a deviatiomfiGR’s pre-
scription can in principle be measured on all these scalescél although many of the MG models are originally propdsetickle a
cosmological problem, they can be tested in a huge arraywifogments or regimes, from laboratory experiments @eex et al. 2018
for a recent review), to Solar system and astrophysicalotbjseeSakstein 2018for a recent review), and to observations at cosmological
distances (sekkoyama 2016Heymans & Zhao 20L8Cataneo & Rapetti 201&ai 2018 for some recent reviews).

The requirement that any new theory of gravity must presémegesuccess of GR on small length scales has important iatigics
on both theories and observations. Theoretically, one dimed toviable MG models, i.e., those that behave sufficiently closely to GR
in environments such as the Solar System. One way to achiégveastthrough a screening mechanism (ekhpury 2010, by which
modifications to the GR force law are suppressed in placegep dravitational potential or in regions characterisedabge gradients
and/or by large Laplacians of the potential (like in the aslgstem). Observationally, this implies that viable MG ralsdmust pass local
tests of gravity by design, and thus we may need to turn topisysical and cosmological probes for complementary anenpially more
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stringent tests. The latter has been possible because lmmgnmaoncerns typically environments with shallow gratidaal potentials or
small values of its derivatives, where order unity deviadidrom GR can occur. MG theories are characterised by atyasfescreening
mechanisms, which means that a given probe could have vieyatit constraining power for different models. Therefait is sensible
to explore a wide range of potential cosmological and abfysical probes. For example, for the popufdtR) gravity model, in which
the deviation from GR is controlled by a model paraméter (see more details below), the strongest constraintgenfrom cosmology
suggest fro| < 107° (e.g.,He et al. 2018Leo et al. 2019, while the astrophysical constraints are claimed to bengier (e.g.,Jain et al.
2013h Sakstein et al. 2024

Even if one is interested in astrophysical constraintss itften not sufficient to focus only on individual astroplegsiobjects. This
is because, as we have mentioned above, the deviation frorm @Rny MG models is dependent on not just the astrophysigjaicts
themselves but also the properties of their environmentdwArf galaxy, for example, can be unscreened (i.e., it éepees a modified
gravitational force) if placed in a low-density environrhéor a specificf(R) model, but the same galaxy may well be screened (i.e., the
deviation from GR is efficiently suppressed) if moved to deeisvironments such as close to a large galaxy cluster. &r atbrds, screening
is a nonlinear phenomenon, and the behaviour of (modifiealitgron small scales can not be cleanly disentangled frenbéhaviour
on much larger scales. As a result, the precise knowleddgeedbtal matter distribution in a large region (the envir@mt) is necessary to
accurately predict how a modified gravity model would aftbetobservational properties of an astrophysical objeat kNowing the former
could introduce a uncontrolled systematical uncertaiotgstrophysical tests of gravity.

Fortunately, observations of the local Universe have novolye good enough for us to ‘reconstruct’ the relevant envirental proper-
ties needed to understand the screening. The first attempakihg use of such vital information was Babre et al(2012), who estimated
at the position of each observed galaxy the Newtonian peteft...., — which determines the screening efficiency fo0R) gravity — from
all other neighbouring galaxies:

1] POPEOJUMO(]

(Penv = Z GM’L . (1)

ri

A similar but more sophisticated approach was takebgmond et al(20183, who considered als¥ ®.,,, andV?®..,., which are
quantities controlling the efficiency of other screeningchrenisms than the chameleon mechanism exploitefi(%) gravity. More effort
was also devoted to obtaining the underlying mass distdbutn Cabre et al(2012 only the galaxies detected by the Sloan Digital Sky
Survey 6Ds9 were utilised to reconstrud..., while Desmond et ali20183 also included the contributions from (i) invisible dark ttea
haloes — haloes which do not host a galaxy — by using a siroalaglibration, and (ii) the underlying total matter field{mecessarily in
resolved haloes) at = 0, as obtained by a Bayesian density reconstruction technloavaux & Jasche 2036 The results of the works
are 3D maps of the local Universe, which contain value®gf,, V®.., andV2®.,,: these are called screening maps as these quantitie
determine the screening properties of the leading MG matessfunction of location.

In this paper we introduce a new approach to obtain screenages. Our approach also makes use of the reconstructedrtatedr
field from the observed galaxy catalogues in the local UseHowever, instead of using this density field to calcutpt@ntities such as
® andV®, we directly use that to solve for the dynamical fields whioh r@esponsible for the modification of gravity (and for scieg).
The main motivation is that, while the above quantities tately determine the efficiency of screening, the quatitie calculation is
much more involving: as an example, in Vainshtein-type nwiteis not V2®, but V¢ and V'V’ ¢V, V¢, where¢ is a scalar field
propagating the modified gravity force, that determinessttreening, and this is further complicated by the complesmio web. This
approach, dubbedocal universescreening EST Suite, orLOCUSTS solvesg using the reconstructed density field by employing routines
of the MG numerical simulation codecosMoG(Li et al. 2012 2013ab). This therefore requires the MG model to be clearly spetitad
the study will be on a model-by-model basis. On the other hbadause there is only one observed local Universe, therlyimdemodel
of gravity — whichever it is — must reproduce the observatilyrinferred matter density field. In particular, simudats of different gravity
models should produce this same matter density field-at0, perhaps starting from different initial conditions. Asessult, we only need
to run one single\CDM simulation and output the matter field at various snafsstemd then the modified gravity routineEcosmoGcan
be used to calculate the screening properties of the modetse snapshots. This is much faster than full MG cosmabgimulations, so
that we can easily repeat the calculation for hundreds ar twveusands (therefore the namecusTs of MG models that densely sample
the model and parameter space. Another possibility enddylédis approach is the study of the time evolution of the esairegy map, which
can be obtained by running the MG solversaosmoGon several close output snapshots and then doing a finierelifte.

In this paper we describe the methodology ofitheusTssimulations, and show the screening maps and some othdcahysantities
to demonstrate how it works. We do these using a specific MGetrodhameleorf (R) gravity — as an example, leaving the application of
the method in astrophysical tests and extensions of it todieclarger coverage of the local Universe and of more MG risoii¢o future
works.

The layout of this paper is as follows. Sect®hriefly reviews the chameleof( R) gravity theory and the simulations used in this work.
Section3 presents our results, including visualisations of the &ited haloes and scalar field compared with the observedbdigons of
galaxies and galaxy groups, some simple statistics of thavieur of the fifth force, and detailed properties of the COMuster. Finally,
we conclude with a short summary and discussion in Sedtion
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2 METHODS AND SIMULATIONS
2.1 Constrained simulations of the local Universe

We make use of a constrained-realisatidfody simulation (labelled as CS) performed as part ofghecip project (Vang et al. 2014
2016. The goal of the project is to reproduce the evolution mstaf our Local Universe by using the reconstructed initiahslity field
from the observed galaxy catalogue. Here, we briefly sunsmdhie reconstruction method as follows. First, a halohgseup catalogue
is constructed from the SDSS DR7 galaxy catalogue with thegitions and velocities having been corrected to “reatsparhen, a
present-day density field is built according to the obtaihatb catalogue. Finally, using the Hamiltonian Markov @h&lonte Carlos
(HMC) algorithm with particle mesh dynamics, the initiainchtion is reconstructed from the present-day density fietot a more detailed
description, we refer the reader\téang et al(2016). The method can effectively trace the= 0 massive haloes{10'3-% M) back to their
initial condition, such that the reconstructed initial ddion of our Local Universe can be used to study the evotutistory of individual
galaxy clusters and other cosmic web environments (se€Jig.

The initial condition reconstructed above, which is usethia work, features a periodic cubic box with a side lergihh =" Mpc and
1024* dark matter particles. The mass of each simulation pai@e3 x 10°h~" M. The cosmological parameters are adopted from the &
best-fit WMAPS5 cosmologyunkley et al. 2008 2., = 0.258, Qx = 0.742, h = 0.72, 05 = 0.8 andns = 0.96.

sdny wouj papeojumo(]

2.2 The theoretical model

In this work we focus on a particular class of modified grawitydels,f(R) gravity, which is an extension to standard GR by replacirg th
Ricci scalarR in the Einstein-Hilbert action of gravity with an algebréimction of R:
1
— 4 — —_—
S = [ dhoyTagrg R+ SR, @
whereG is Newton’s constant anglis the determinant of the metrig..., with u, v = 0, 1, 2, 3.
The modified Einstein equation can be obtained by varyingttien, Eq. 2), with respect to the metrig,.., to obtain

2
in which G, = R, — 1 g, R denotes the usual Einstein tensW, is the covariant derivative compatible with,, O = V*V,, is the
d’Alambertian, andl’;;, is the energy-momentum tensor for matter. The quarfiityn this equation is an extra degree of freedom (a scalar
field) of this model, defined by

-9|O!UE-SOUB/\DE/SEJUuJ/lUOO'an'C)!LUSpEOE//

1 m
G;w + fRR;w — Guv |:_f(R) - DfR:| - V;LvaR = SWGT;W s (3)

_ df(R)
"ETaR @

whose equation of motion can be obtained by taking the tréEejo. 3):

Ofn = L (R~ faR+ 2f(R) + &nGpn], (5)

wherep., is the density of non-relativistic matter. Therefore, thalar field fr satisfies a second-order field equation of motion; this means
that the modified Einstein equatior®){which contains fourth-order derivatives gf,., can be rewritten as a standard second-order Einstein
equation with a scalar field.

To investigate the evolution of cosmic structures in the d&an regime, we derive the perturbation equations in thethnian gauge
on a flat Friedmann-Robertson-Walker (FRW) background:

ds® = (14 20)dt® — a*(t)(1 — 2®)8;;dz’da? (6)

in which ® = ®(x,t) and¥ = ®(x,t) are the gravitational potentials, which are functions @& fysical timet and the comoving
coordinates= {z'}; 6;; is the 3D spatial metric, ang(t) is the scale factor, which is normalisedd(t,) = ao = 1 at the present day (a
subscripty denotes the current value of a quantity throughout this pajmess otherwise stated). In the quasi-static and webkliigits,
the system of equations3)(and 6), can be simplified respectively to:

yczis/seluw/ge0l 0l /1opaoelisqe

Ve = §wca25pm+éa2m, (7)
Vifr = %f{mwwcapm], (8)
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in which V2 denotes the 3D Laplacian operator, and the density andtcuevgerturbations are defined respectivelyas = pum — pm and
SR = R(fr) — R; an overbar is used to denote the background value of a quédj. (7) can be recast in a new form:

V2D = 4G pu — %VQ . ©)

It can be seen clearly that the second term of the right-hateda Eq. ©) represents a modification to the standard Poisson equatioh
we can defin@ = dgr — %fR, where®cr is the Newtonian potential in GR, and%fR can be identified as the potential of an additional
force — the so-called fifth force, which is propagated by ttedar field fr — between matter particles. The fifth force is not detectesblar
system or laboratory tests of gravity({ll 2014), and these experimental tests place strong constraintsodels like this.
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To close Egs.%,8), one needs the relationship betwegnand R such thaty R can be expressed as a function of the scalar fieltkas
O0R (fr). This can be done by specifying the functional formf@¢#:), which satisfies the requirement that the resultfags a monotonic
function of R. If f(R) is a slowly-varying function of?, i.e.,|fr| < 1, the model has two desirable features:

e the terms involvingfr in Eqg. (3) can be neglected to a good approximation, reducing thedtimsquation to
1
Guv — ng,f(R) ~ 8rGT . (10)

If one further approximateg(R) ~ —2A (recall thatf(R) is taken to be nearly constant), withbeing the cosmological constant, then
the background expansion history of this model can be maxie ¢b that ofA\CDM. In fact, with suitable choices gf(R) the background
expansion histories in the two models can be made exacthyicds (He & Wang 2014.

e if |fr] < 1, one can hav&?” fr ~ 0 and consequently from EcPXwe can see that the standard Poisson equation in GR is recove
this happens at least in high-density regions, it implies the fifth force is suppressed in such regions, which carerttekmodel compatible
with current local tests of GR.

The suppression of the fifth force in the linjfz| < 1 is the result of a suitable choice ¢fR); it is a dynamical effect called the
screening mechanisnfi( R) gravity is a representative example of a wider class of ngdelled the chameleon mod&Houry & Weltman
2004, in which the suppression (or screening) of the fifth foraaks as following: the scalar fielflz, which propagates the fifth force
between matter particles, satisfies ), (vhich can be rewritten as

V2 f 4 Der Ur) _, (11)
Ofr
whereVer (fr) is an effective potential of the scalar field, given by
OVerr (Fr) _ L o205 (13 4 82 G6pr]. (12)
Ofr 3

The potentialV.¢ characterises the interactions of the scalar field withfi{siee first term on the right side of Eq12)) and matter (the
second term). For a choice ¢f R) such thatVeq (fz) has a global minimum gtz = fr,min @Nd fr,min — 0 @Sdpm — o0, the fifth force
can be suppressed in high-density regions as desiredfdhesyading the stringent local constraints on it. Becdlnedoehaviour of the fifth
force is dependent on the environmental density, the strgemechanism is called the chameleon mechanism. In regibese|dpm | < 1,
on the other hand, the curvature perturbatitR| < 1 and so from Egs.78) one can derive that

V2P ~ 1—3671'G5pm = %vQ@GR, (13)

which means that gravity is enhanced by a factor £&f — an effect that is potentially testable using cosmologitelervations.

The actual behaviour of the fifth force jfi( R) gravity is more complicated that the above intuitive piefusind an accurate solution
has to be made by numerically solving E8) ¢iven a matter configuration. In this context, to solve farat a given position we need its
solution in the neighbourhood as the boundary conditionether words, to know for certain whether a given cosmoldgibgct, such as a
star or galaxy, is screened, we need to solve 8qgn(a large region encompassing this object, and the salitithat region in turn depends
on further nearby regions, and so on. In this picture, séngeuf the fifth force for an object can be achieved in two ways:

e self screening: if the objective is massive enough, it alcaremake fz| small inside and/or nearby, therefore screening the fiftbefo
it feels;

e environmental screening: if the object is not massive ehdagelf screen, but lives near some much larger objects,| g < 1 can
still be satisfied inside and/or near it, causing a suppragsi the fifth force it experiences.

To use astrophysical objects in the local Universe to tesfifth force, then, we cannot reliably treat those objectisalsited bodies living
on the cosmological background, but have to take into adcthair larger-scale environments. For this reason a caimgtd realisation
simulation as described in Secti@rl, where the matter distribution mimics that in the real obsdrocal Universe, is ideal as it offers a
way to more realistically model the effect of environmemtshie chameleon screening.

In this work we shall set up the general strategy to carry onstrained realisation simulations in modified gravity migdand present
some first results to show how it works. We leave detailedyaeal of these simulations that lead to constraints on maatehpeters to future
works. For concreteness, we use #i{é&?) model proposed bidu & Sawicki (HS; 2007) as example. This model is given by specifying
2c1_ (=R/m*)"

¢z (—R/m2)» +1°
wherem? = 87Gpmo/3 = HiQm is a parameter of mass dimension(2,, the density parameter for non-relativistic mattgl, the
present-day value of the Hubble expansion rate,and andc. are dimensionless model parameters. The scalar field 4Edakes the
following form:

f(R) = —m (14)

f _ _C_l n(_R/mQ)n—l
T GIRmA A
To see whether this model can have a background expansimmyhitose to that of standartiCDM, let us consider ACDM model

(15)
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with QO ~ 0.3 andQa = 1 — Qu, = 0.7, for which we find|R| ~ 40m? > m?, and therefore

oo (M (16)
=" \ 2R '

Forn ~ landci/c3 < 1, we then havefr (R) | < 1, which is the condition by which the background expansictdny is close to
ACDM, and

FR) ~—m?S m —op = S — S 17)
C2 C2 Qrn

Therefore, once we have specified an (approxima@pPM background history (by whichy /¢ is fixed), the HSf(R) model then has
two free parameters, andc; /c3. The latter is related to the present-day value of the backgt scalaronfzo,

n+1
A= Lls(1ragt)| . 18)
n

c5 Qm

The choice offro andn fully determines the model.

2.3 TheLocusTssimulations

In this subsection we introduce thecusTssimulation suite and briefly describe the simulation teghaiused.

TheLocusTssimulations are a suite of simulations of various modifiealdy models, all starting from an identical initial coridit,
which itself is obtained as described in Sectibt. Therefore, they are the first attempt to realistically dateiour local Universe in the
context of modified gravity. In particular, one of the primabjectives ofL.ocusTsis to obtain screening maps, namely a map to show the
screening properties at different spatial locations inldisal Universe. As stated in the introduction, such scregniaps can provide vital
information for both cosmological and astrophysical testgravity.

While the basic idea is general, in this work we focus on thanokleonf(R) gravity model described in Sectich2 as explicit
example. In particular, we shall specialise to the case ef 1, and run simulations for 20 different values |¢fo|, ranging from10~"
to 1075, This parameter range is still compatible with the curgenibst stringent constraints gz, from cosmological observations (see,
e.g.,Cataneo et al. 201%.iu et al. 2016 Peirone et al. 2007

The chameleorf (R) simulations used in this work have been done usingthesmoG(Li et al. 20139 code, which is a modified ver-
sion of the publicly availablév-body and hydrodynamical simulation coRemMsEs(Teyssier 200R This is a particle-mesh code employing
the adaptive-mesh refinement technique to achieve higle feolution in dense regions, and parallelised using rgegsassing interface.
ECOSMOGextendsRAMSES by solving the nonlinear field equations which arise fronioas modified gravity models numerically by the
multigrid relaxation method. For details about the implataéon in different classes of models, 48t al. (2012 2013ab) and references
therein. We use an optimised versionssfosmocfor the Hu-Sawickif (R) model, as described Bose et al(2017), which is based on a
more efficient algorithm to solve th& R) field equation.

Even with the algorithm optimisation frofBose et al.(2017), running a suite of> O(20) simulations with differentf(R) gravity
parameters is still computationally expensive for the Iggmn and particle number used rocusTs Fortunately, as explained in the
introduction, the idea behindocusTsdoes not require us to run full simulations of modified grgwut only needs one simulation o= 0
which provides a mock universe with a underlying matter dgffield. This underlying density field must be as close todhservationally-
inferred density field in the local Universe as possible, amglgravity model should reproduce this same underlyingithefield. This might
be achieved by tuning the initial conditions of the simwas in different models, but the details are not our concene.PApparently, the
simplest way to achieve this is to only run the full simulati@om z;,; = 80 to z = 0) in the ACDM model, while for thef (R) models we
simply run theecosmoGcfor a few steps — respectively on the particle snapshotseof @DM simulation at various redshifts — to calculate
the behaviour of the scalar field and the fifth force at thehidsof interest to us. Put in other words, the particle atioh in theLocusTs
simulations is done using Newtonian gravity, while the eatibn of the screening map is done using the complete mddifi@vity solver.

As mentioned above, the evolution of particle positionsthedalculation of the scalar field and screening propeatieboth performed
usingecosmoG which is based on thramseEscode. As a rough estimate of the level to which we can trussiimelation density field
(i.e., the typical difference between different simulatimodes at our resolution), in Fi@.we have compared the matter power spectra at
z = 0 predicted byecosmocGand theGADGET-2 code Springel 2005 We can see there is good agreement — witlinfor & < 3 hMpc™*
and4% for k < 6 hMpc~!. The difference at small scales (O(1)hMpc™") is expected to be much smaller than the typical uncertaimty
the density reconstruction.

As another sanity check, in Fig.we plot the halo mass function from t&CDM simulation atz = 0 (squares) compared with the
Tinker et al.(2008) fitting formula (solid line). The halo catalogues in thiglasther figures of this paper are identified using the phaaeesp
friends-of-friends halo finderocKksTAR (Behroozi et al. 2013 and the halo mas&/2oo denotes the mass withiRzqo, the radius within
which the average density is 200 times that of the criticabitg of the Universe at the halo redshit,:(z). The simulation output agrees
well with Tinker et al.(2008 apart from the high-mass end, and\ditoo < 10'2h~" M, (which correspond to haloes with 100 particles,
for which the mass function becomes incomplete due to theémelution).
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Figure 1. Comparison of thee = 0 power spectrum between the two constrained simulatiomel{&dl as Gadget-2 and RAMSES), which were run using
the GADGET-2 (solid) and theraMSES (dashed) codes, respectively. Both simulations have time saitial condition. The bottom panel shows the residual

difference between the two simulations.

3 RESULTS

This section contains the main results of this work. We stétht some visualisation and general properties of the fifticé throughout the
simulation box, then move on to study statistical propsrtiEthe screening maps and the screening around promimeatuses in the local

Universe, such as the Coma cluster and the SDSS Great Wall.

3.1 Visualisation

Fig. 3 is the visual comparison of a slice taken from the SDSS gratalague (left panel, in which groups are shown as black) aath
an extraction of the simulation box that is supposed to smmethe same region (middle and right panes); the middlel suows the dark
matter density field in the region, while the right panel skake corresponding scalar field configuration far Both simulation results are

atz = 0, and for the right panel a particulgif R) model with| fro| = 10~ is shown for illustration purpose.
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We see from Fig3 that the constrained simulation has successfully reprxdidbe large-scale structures observed from the SDSS
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Simulation m|
Tinker et al. 2008
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Figure 2. The halo mass function of the= 0 GR simulations. The solid line shows tfiker et al.(2008 mass function.

catalogue, noticeably the filamentary patterns on scalésnsfof Megaparsecs and above. In particular, from the datkemdistribution
we can see clearly the SDSS Great Wall found&at —230 2~ *Mpc and extending in the vertical coordinate freai00 to 50 2~ *Mpc
(Gott et al. 2005 The scalar field'r, as shown in the right panel, behaves as expected from tlmeetban screening mechanism: its value
is closer ta0 near clusters and filaments, while approaching the backgrealuefro further away from these structures. In particular, we
note that deep inside void regions the scalar field is neauifpum, suggesting that the fifth force, which is the gratligithe scalar field, is
weak theré.

To better compare our constrained simulation with the aladiemal data, we zoom-in on a small region centred on thatGh&ll. The
results are shown in Figl, where the upper left panel is an enlarged view of the ma#asitly field from the central panel of Fig.using
the same colour bar.

Dark matter haloes identified in the constrained simulaéi@shown as black open circles in the lower left panel of &igvhere the
radius of each circle is proportional to the mass of the halegresents. Overplotted on top are the SDSS galaxy grohjghware shown as

1 However, the fifth force can still be significant near (oftema#l) matter clumps inside these voids, and we shall retithis point later below.
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Figure 3. A visualisation comparison of the observed local Universthe one reproduced in our constrained simulatiefi.Panel: galaxy group distribution
as observed by SDSS in a slice with thicknessl@fh~!Mpc. Middle Panel: the dark matter distribution as predicted by our cosmaigsimulation
constrained to reproduce the local UniverRght Panel: The scalar field in the same region as the middle panel, éortodel with| fro| = 1076.

red filled circles. We find a very good agreement between thiipos of simulated haloes and those of SDSS groups, @thsome outliers
do exist. This comparison represents a beautiful illusmadf how well the constrained simulation reproduces tihgdascale distribution of
galaxies.

In the two panels on the right-hand side of Fgve show the SDSS groups and galaxies overplotted on scoeeraps for the same
zoomed-in region. The coloured map in the upper right panelvs again the scalar field, where we can see more clearlyhbatcalar
field closely traces matter distribution and is nearly hoer@pus in low-density regions. The blue and red dots repr&eSS blue and red
galaxies respectively in this panel, and the latter alsmetveell the simulation matter distribution. This suggelts tve can use the simulated
screening map to predict the scalar field value and fifth foatie at the positions of the observed objects. In the Iotigdt panel we show
this for groups (filled circles whose sizes indicate the raass the groups they represent) and red galaxies (dotske-tteicolour is used to
illustrate the fifth force ratio at the positions of the greugnd galaxies, and we can see that the objects are moreextiieaense regions
than in underdense regions.

3.2 Generic behaviours of the fifth force

Before quantifying the fifth force effects, let us presemhsaesults of the general behaviour of the fifth-force-tmdard-gravity ratio across
the whole simulation volume. In Fi§, we have shown this force ratio at the positiong @t particles randomly selected from the simulation
box, where each dot represents the measured value at a sonyarticle. The different panels are for differeriko| values, starting from
the least screened case with—° at the upper left and ending at the most strongly screeneslwitls 10~ at the lower right. The colour
indicates the frequency that particles appear with givandsrd gravity (horizontal axis) and fifth force (verticals) values. Comparing
amongst the different panels and comparing simulationtsesith analytical linear perturbation prediction (rediddine), we observe the
following features:

e In high-density regions, where the magnitude of the stahdeavity force is large, the fifth force is generally strongtreened, and the
points are well below the red line, which represents the tizsethe fifth force hasg/3 of the strength of standard gravity.
e In the regime of intermediate magnitudes of standard graépresentative for smaller haloes and filaments, thefbifite ratio agrees
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with linear theory prediction well for the weakly screeneddeals. However, akfro| decreases, stronger screening shows up even in this

regime; for example, in the last row, we can see clearly thetéd dots are well below the red solid line.

e In the regime of weak standard gravity, i.e, the left end afhepanel, which is representative of void regions, the fiéifcé ratio
falls below the red solid line again. This is because the fiftice, unlike standard Newtonian gravity, is a short-rahfygce that decays
exponentially beyond the Compton wavelength of the scadéd.fThis implies that the standard gravity exerted by pkasioutside the void
regions can reach the inner part of these voids, while the fifitce cannot, leading to a suppressed force ratio betweetatter and the
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Figure 4. Top-left: the dark matter density field in a selected region near theSGreat Wall, where red colours show high-density regionsagite colours
show low-density regions (see colour bap-right: the scalar field in the same selected region, where darkaéywhite show the screened (small field)
and unscreened (large field) regimes. SDSS red and blueigmlare overplotted as the red and blue points, respectBetiom-left: SDSS galaxy groups
(red filled circles) and dark matter haloes from our simalatiblack empty circles) in the same selected region, wighsthes of the circles representing the
mass of the groups or halo&ottom-right: SDSS groups (filled circles with varying sizes as the bottefindanel) and red galaxies (dots) in the same selected
region, with the colour showing the ratio between the maugiais of the fifth and Newtonian gravity forces at the pos#iofhthe object, as predicted by our
simulation. Colour bars used in each panel are shown indaig

former. This can also be understood through the observétamin void regions, e.g., Figl, the scalar field is nearly homogeneous and
so the fifth force becomes weak. Note that the deviation fiaear (anaytic) prediction of the fifth-force-to-standadvity ratio does not
happen in Vainshtein screening models, e.g., Fig. Babtk et al(2014) since there the fifth force is long range.

Figure6 is similar to Figure5, but instead of the force ratio, it shows the cosine of thdeafidpetween the fifth and standard gravity
forces. If linear theory works perfectly, the fifth force sifthbe1/3 of the strength of standard gravity and the directions oftteforces
would be the same. While this is the case for most particles fihe intermediate gravity regime (the red and orange nsjjiave can
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Figure 5. Fifth force against standard gravity force for a subset dfiglas randomly selected from the z=0 simulation box. Tlewar indicates the number of
particles, with red (purple) showing that many (few) pdeichave the given force values. The panels correspondfevetit MG models whergf | varies
from 10~ (top-left panel) to10~7 (bottom-right panel). The red line shows the analyticaldion in which the fifth force isl /3 times the magnitude
of standard Newtonian gravity. The force values are in caug IILbOXHg, where Ly, = 500 h~!Mpc is the side length of the simulation box and
Hy = 72km/s/Mpc is the present-day hubble constant. All results are fronxthe0 snapshot.
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see that for the strong and weak gravity regimes this is met ffhe reason is the same as for the behaviour of the foricestadwn in
Fig. 5, namely in regions of deep Newtonian potential (and thees$trong standard gravity) the fifth force is suppressedbychameleon
screening mechanism, while inside voids the fifth force froatter in surrounding regions suffers from the Yukawa exptial decay —
because of that, and given the irregular matter distribytioe fifth force and Newtonian gravity on a particle in a weahvity region can
receive contributions from different neighbouring pdescas vector additions, and so they do not necessarily hawe&me direction; this is
particular true because the fifth force has much smaller itudel (note that even in the weak-gravity regions there @iltearticles, so the
fifth force is not exactly zero).

Finally, we are interested to check how the force ratio ddpem large-scale environment. For this we usednBgus+ method
(Cautun et al. 20230 identify the various cosmic web environments: nodeanfénts, sheets and voids. The nodes correspond to the dense;
regions, filaments to 1D linear structures, sheets to 2D-hkallplanar densities and voids to underdense regionssd h®rphological envi-
ronments have been found by first using the Delaunay Tesisalkield Estimator§chaap & van de Weygaert 20@autun & van de Weygaert
2017 to calculate the density field on a regular grid with &~ *Mpc grid spacing. ThenNExus+ calculates the eigenvalues; with
A1 < A2 < Ag, of the Hessian matrix of the smoothed density field, whiehueed to classify the web environments. The exact procéslure
based on some rather complex functions of the Hessian eifygs; however the result can be qualitatively understsodaes correspond
to regions with\; =~ X2 = A3 < 0, filaments to regions with; =~ A2 < 0 and\2 < A3, sheets to\; < 0 and\; < )2, and voids to
everything else. For a detailed comparison oftlExus+ technique to other web finders, please lsibeskind et al(2018.

The resulting cosmic web is dominated in terms of volume hgs;avhich occupy~80% of the volume but contain only15% of the
total mass budget. In terms of mass, the filaments are theimpsttant environment, containing over half of the massgetidbut filling
only 6% of the cosmic volumeGautun et al. 2014 Most of the massive haloes, wiffla0o > 5 x 10*h™" M, are found in nodes, while
filaments contain the majority of lower mass haloes with nidsg, > 10''h~! M, (Ganeshaiah Veena et al. 218 contrast, sheets and
especially voids correspond to below average densitiesasmchostly devoid of haloes with masses abo®&h~! M. This means that
the majority of bright galaxies, that is with stellar masabsve10°h ™! M, are found in either the filaments or nodes of the cosmic web
(Ganeshaiah Veena et al. 2019

Figure7 shows the same fifth-force-to-standard-gravity ratio aSigure5, but for particles found in voids (upper left), sheets (uppe
right), filaments (lower left) and nodes (lower right). Taisase the clarity of the plots, we have only shown the reoti{ fro| = 10~¢ and
neglected pixels which represent particles that are snihiden 0.2 thousandth of the total particle number. The overall behavis similar
to what Figureb shows, but there is also a clear distinction between thewanveb environments. For example, the long drop-off tatihwi
small force ratio but strong standard gravity forces sedfigare5 is mainly due to particles from nodes (high-density envinents), while
the drop-off from the analytical line at weak standard gsafarces is dominated by low-density environments suchaddsvand sheets, as
explained above.
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Figure 7. The dependence of the fifth force against standard grawvitipké particles split according to their cosmic web enviromméNe show results for
void (top-left), sheet (top-right), filament (bottom-Jeéind node (bottom-right) environments identified usingNE&us+ method.

3.3 The Coma Cluster

The constrained initial condition used in our simulatioas k limited volume, with objects such as the Local Group ango\Cluster not
included. Therefore, here we select the object correspgndi the Coma cluster in our simulation volume, to illustréite behaviour of the
modified gravity force in massive objects.

Coma is a cluster at a distance of abd® Mpc from us, with over 1000 member galaxies and a total mass of'® M. The dark
matter halo we identify from our simulation as the counterpfComé is found to have a mass @200 = 7.7 x 10**h~* M and halo
radiusRa00 = 1.5k~ *Mpc. As a first visual inspection, in FiguBwe show the projected density it x 40 (h_lMpc)2 field of view
centred around the Coma halo, with a projection depthof' Mpc. On top of this, the observed Coma member galaxy groupsian

2 In what follows we shall refer to both the real Coma clustett tire counterpart dark matter halo from our simulation asi@o the context should make
clear what we mean.
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Figure 8. The projected mass density in a regiond6f h~'Mpc x 40 h—!Mpc around the simulated dark matter halo which correspondsegcComa
Cluster. The projection depth i0h~1Mpc. The colour-coded map shows the density field, with red anilewdolours indicating high and low density
regions respectively (see colour bar). The black openesdritidicate the observed positions of the Coma cluster drat galaxy groups around it, with sizes
proportional to their estimated masgzoo.

shown as black open circles. We can see that the galaxy glwopslly follow the same clustering pattern of high-denségions in the
projected map.

In Figure9 we show the fifth-force-to-standard-gravity ratio in thensaregion as Figur8, for four different fro parameter values
as indicated in the legends of the four panels. As expeatetthei inner regions of the cluster screening is more efficdunt to the deeper
Newtonian potential there. Ag'ro| decreases, screening becomes more efficient;ffas] = 10~°, which is the model with the weakest
screening, the fifth force is strongly suppressed (withdoatio Fs.n / Futandara S 0.01) only up to~ 2 A~ *Mpc from the cluster; aifro|
decreases, this screened region (blue or red in colour)nelspautwards, with the nearby filamentary structures andesammaller haloes
scattered around now also featuring a strongly suppredsetofice.

Finally, Figure10 shows the density (top panel) and force ratio (right) prsfilethe Coma halo. The density profile is obtained by
computing the spherically averaged densities within liblganic radial bins from the halo centre found BYpCKSTAR and we show the
result out to5h~' Mpc from the halo centre, with the halo radiis indicated by the dashed vertical line. The profile can be fitedid by
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Figure 9. The fifth-force-to-standard-gravity ratio in a region4sf h~'Mpc x 40 h~'Mpc x 10 h~'Mpc around the simulated dark matter halo that
corresponds to the Coma Cluster. Each panels corresporddifferent value of thef(R) gravity parameterfro, as indicated in the legends. The various
colours indicate the median value of the force ratio of pkasiin each cell (see legend). Note that the cells withoyparticle are indicated with white colour.
The figure shows that dgro| decreases, ever larger regions around the Coma clustemkesmeened.

the Navarro-Frenk-WhiteNavarro et al. 1996NFW) formula,
Po
p(r) = r/Rs (1 + T/Rs)w (19)
in which p is a characteristic density arfg; the scale radius, and the best-fit valueRf is found to be0.65 h~'Mpc, so that the halo
concentration is
Ra00
Rs
The best-fit NFW profile for this halo is plotted as the blackteid line. Here, we use the particles withfitago to fit the NFW profile, and
the concentration would be greater if we extend the fittinigutger radii.
The lower panel of Figl0 shows the force ratio profiles in the same halo for the diffefro| values, decreasing from top to bottom.
This is obtained similarly as the density profiles, but theesjzal average is now over the force ratio at the positiéiadl simulation particles

=2.3. (20)

C200 =
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for each radial bin. As is typical for haloes of this mass fiftl force is efficiently suppressed insid&o even for the model which deviates
most from GR (fro| = 107°). Another interesting feature is that the shapes of theefaatio profiles are similar for ajfro values, and the
only difference is in the amplitudes. This is a natural couesce of using the same density profile for all our fifth fozagulation in all
models. Note that baryonic processes associated withtisgecland galaxy evolution may also play a role in the rabigiion of matter and
in the suppression of the fifth force. It would be beneficiaest in a zoom-in hydrodynamics simulations, which will bé bs a potential
project for the future.

4 SUMMARY AND CONCLUSIONS

We have developed a new methodology for testing modifiedityréveories using astrophysical probesif et al. 2013aSakstein 2018
based on constrained simulations of the local Universes Tiethod takes advantage of the recent developments insteecting the
density field (and its initial conditions) of the local Unige (e.g.Wang et al. 2014Lavaux & Jasche 2016orce et al. 201,8Carlesi et al.
2016 Wang et al. 201 which provide a way to realistically include the enviroemtal effects that are often important in quantitatively
determining the behaviour of gravity in MG models. Our metltcombines the large-scale density field from these reamt&in schemes
with the fully nonlinear numerical solution to the MG equuais achieved through tlecosmoGceode. Assuming that the matter field at the
low-z Universé behaves similarly in realistic MG models an€DM, this will make it possible to create screening maps fiarge number
of MG models and parameter choices at a relatively low cost.

This is the first of a series of papers, where we have preseéheethethodology and, as a proof of concept, shown screenapms m
and some statistical properties that one can extract. A®dsirated in Figure8 and4, the simulated halo distributions and the resulting
screening maps show good visual agreements with the disortbof sossgalaxies and groups, indicating that the method is capdble o
telling, for a given MG model, which parts of the local Unigserand how well they are screened. The force behavioursaglesghin Figures
5, 6 and7 also agree with expectations based on the properties ofeleamscreening, with small¢fro| values generally corresponding
to more strongly suppressed fifth forces. In particularsFsgand 7 show that the fifth force is suppressed in not only high-dgnsigions
(where the Newtonian force is strong) but also in low-dgnegigions. This seemingly counter-intuitive effect is doethe fact that the
Compton wavelength of the scalar field in the models is srsalth that there are few particles the fifth forces produced/iiigh could
propagate into deep voidRdillas et al. 201p

As a specific example, we have analysed in greater detailahendatter halo from our simulation box which is the coungetpo the
Coma cluster. Figur@ shows that for all models considered here, the central negithin R ~ 2 h~'Mpc is well screened and so gravity
there should behave like GR. On the other hand, in the str@wgeening cases, wheligro| — 1077, the screened region becomes larger,
showing that the presence of a massive body can screen ittesmeighbours. This can be seen more clearly in the lowaepaf Figure
10, which shows that within the virial radius the fifth force reeer exceeded 0.01% of the Newtonian force for all models considered.

Screening maps as shown in this paper can be invaluabletfophgsical tests (e.gGabre et al. 201;2Desmond et al. 2018a), and
they will enable these tests to become more reliable. How#we application of these maps in real tests are beyondcthgesof this paper
and will be left as future work. Also, one slight limitatiofithe current maps is that the Local Group is not included éstbs sfield, but this
is not a practical restriction for our method considerinat ttonstrained realisations that include the Local Growe maw been produced
by various groups. One interesting possibility is to usénstanstrained initial conditions to run very-high-res@ntzoom-in simulations,
possibly with baryons, which realistically reproduce tlasib observational properties of the Milky Way Galaxy, asd that to quantify the
screening inside the Milky Way and in the Solar system.

Another point that merits further investigation is relatedhe uncertainty in the estimation of galaxy host halo maks reconstruction
method used here, frowang et al (2016, can effectively trace the = 0 massive haloesx10'3-® M) back to their initial condition,
but its accuracy in recovering the matter distribution isneo on smaller scales: the uncertainty was found to be céisply 0.23 dex on
2 h~*Mpc and 0.1 dex od b~ Mpc scales. Therefore, in the screening map, while the enviesah screening effect caused by large-scale
structure can be reliably modelled, the uncertainty relédghe galaxy host halo mass estimation can be anotheresofiecror, in particular
for models with small Compton wavelengths of the scalar fi€hke impact of this uncertainty on the screening map andezprently on the
error of model parameter constraints, however, can be sssdy creating a large number of screening maps using ndiéiesity fields
in regions that correspond to dark matter haloes (to refiectrtass error of those haloes) before calculating the sitallédrand using these
maps to quantify the scatter.
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Figure 10. Top panel: the spherically averaged matter density profil@ dunction of the distance from centre, for the simulaterk daatter halo that
corresponds to the Coma Cluster. Bottom panel: the spligrageraged fifth-force-to-standard-gravity ratio preéilfor the simulated halo that corresponds
to the Coma Cluster, for a range ffR) gravity parameters shown by different colours, as inditatethe legend. The vertical dotted line indicates Bgo

of the halo.
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