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The Layzer-Irvine equation describes energy conservation for a pressure less fluid interacting though
quasi-Newtonian gravity in an expanding Universe. We here derive a Layzer-Irvine equation for scalar
field theories where the scalar field is coupled to the matter fields, and show applications of this equation
by applying it to N-body simulations of modified gravity theories. There it can be used as both a
dynamical test of the accuracy of the solution and the numerical implementation when solving the
equation of motion. We also present an equation that can be used as a new static test for an arbitrary matter
distribution. This allows us to test the N-body scalar field solver using a matter distribution which
resembles what we actually encounter in numerical simulations.
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I. INTRODUCTION

The apparent accelerated expansion of the Universe
[1,2] is one of the biggest puzzles in modern cosmology.
There exist several theoretical explanations for it and these
generally go under the broad term dark energy [3].

Dark energy in the form of a cosmological constant is
currently the best fit to observations, but it has several
theoretical problems like the fine-tuning and the coinci-
dence problem. Some of these problems can be alleviated
if the energy density of the cosmological constant becomes
dynamical. This approach leads to dark energy models
where the accelerated expansion is due to some new
dynamical field [4]. The dark energy field(s) evolves on
cosmological time scales, and therefore if dark energy has
interactions with ordinary baryonic matter then a cosmo-
logically long range fifth force will be the result [5].

Gravity is very well tested in the Solar System and the
results agree perfectly with the predictions of general
relativity (GR) [6]. Gravitational interactions that differ
from general relativity are at odds with local gravity
experiments and in models where the dark energy is
coupled to dark matter (like coupled quintessence [7]) it
is therefore generally assumed that there is no coupling to
baryons. If a coupling to baryons does exist (we call this
scenario modified gravity) then a screening mechanism [8]
is required to evade local experiments and at the same time
give rise to interesting dynamics on cosmological scales.

In the past decade several modified gravity models with
a screening mechanism, most based on a single scalar
degree of freedom, have been put forward. Models follow-
ing from works on massive gravity such as DGP [9] and the
Galileon [10,11] are well-known examples. Another class
of models is the chameleon-like models such as the
chameleon/f(R) [12-15], symmetron [16,17], and environ-
mental dependent dilaton [18].
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For this last class of models it has been shown that the
background cosmology is generally very close to that of
ACDM. However, even though the background cosmology
is the same, the growth of linear perturbations is modified
and alters structure formation. One can also show quite
generally that the results of local gravity experiments
imply a interaction range in the cosmological background
today in the submegaparsec region [19]. This is in the
range where perturbations in the fiducial ACDM model
go from being well described by linear theory to where one
needs more elaborated methods like N-body simulations to
make accurate predictions of the theory.

N-body simulations for modified gravity theories
require one to fully solve for the 3D distribution of the
scalar field just as one normally does for the gravitational
potential. The highly nonlinear form of the field equation
makes this computationally challenging. Recently, several
different N-body codes have been created that do this
job [20-25], and studies of structure formation in the
nonlinear regime have been performed for many differ-
ent modified gravity models like for example the
chameleon/ f(R) gravity [26-29], the symmetron [30,31],
the environmental dependent dilaton [32], the DGP model
[33,34], and phenomenological fifth-force models [35].
For a review of N-body simulations for nonstandard
scenarios see [36].

One important lesson learned from these studies is that
one needs simulations to make accurate predictions: linear
perturbation theory gives inaccurate results for almost
all scales where the matter power spectra differs from
ACDM [28,31].

Before performing such simulations the scalar field
solver needs to be properly tested for both static and
dynamical cases where analytical or semianalytical solu-
tions exist. For the static case several tests already exist
[20], while for the time evolution of the cosmological
simulations so far the only real test is to compare the results
with that of other codes.
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There is however one other test based on energy conser-
vation, that so far has been ignored for modified gravity
simulations, which can be used for this purpose. For
collisionless N-body simulation (i.e. dark matter only
simulations) a Newtonian energy conservation equation,
taking into account the expanding background, exists and
is known as the Layzer-Irvine equation [37,38]. This equa-
tion gives a relation between the kinetic energy and the
gravitational potential energy of dark matter particles and
is valid throughout the process of structure formation. The
equation only applies for standard gravity and needs to be
generalized if we want to use it for modified gravity
theories.

The idea to look at extensions and generalizations of the
Layzer-Irvine equation for models beyond ACDM is not
new. In [39], the equation was extended to a dark energy
component with an arbitrary equation of state and then
generalized to account for a nonminimal interaction
between dark matter and dark energy. The spherical col-
lapse model was applied in [40] to derive a generalized
Layzer-Irvine equation for the case where the dark energy
can cluster and was used to estimate the maximum impact
that dark energy perturbations can have on the dynamics of
clusters of galaxies. A Layzer-Irvine equation for interact-
ing dark energy models was derived in [41,42], using
perturbation theory, and then applied to study how dark
matter and dark energy virializes. In [43] the equation was
derived for several phenomenological gravitational force
laws. The equation has also been applied to observations to
put constraints on the coupling between dark matter and
dark energy [42].

In this paper, we derive the Layzer-Irvine equation for
a quite general class of modified gravity models and the
methods we use can easily be extended to any scalar
field model of interest. We implement the resulting equa-
tion in an N-body code and show that it can be used
as a new dynamical test for N-body codes of modified
gravity.

The setup of this paper is as follows. We begin by
briefly reviewing scalar-tensor theories of modified grav-
ity in Sec. II and the Layzer-Irvine equation for standard
gravity in Sec. IIl. The modified Layzer-Irvine equation
is derived in Sec. IV and we discuss how to implement
this equation in an N-body code in Sec. VI. In Sec. VII
we present the results from tests on N-body simulations
of modified gravity before we summarize and conclude
in Sec. VIIIL

Throughout this paper we use units of ¢ = 7 =1 and
the metric signature (—, +, +, +).

II. SCALAR-TENSOR THEORIES OF
MODIFIED GRAVITY

In this section be briefly review scalar-tensor modified
gravity theories. We are in this paper mainly interested in
scalar-tensor theories defined by the action
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R
5= fd4x\/—_g|:1677G + f(X, qs)]
T S (AXD)g s o) (1)

where R is the Ricci scalar, G is the bare gravitational
constant, g is the determinant of the metric g,,, ¢ the
scalar field, X = — %g’“’(ﬁl u®.,» and ¢, represents the
different matter fields which are coupled to the scalar field
¢ via the conformal rescaled metric g, = A*($)g .-

The Einstein equation follows from a variation of the
action with respect to g, and reads

1
wr ~ 5 RS, = 8TGIAD)T), + 9 Q)

R
where T}, is the energy-momentum tensor for the matter
fields and

of

Tir = fxb.uts + usl P

fx= 3)
is the energy-momentum tensor for the scalar field.
The Klein-Gordon equation for ¢ follows from a varia-

tion of the action with respect to ¢ and reads

v,u,(va'ud)) = _f,¢ - A,d)Tm’ “4)

where T,, = g*"T};, is the trace of the energy-momentum
tensor of the matter field(s). In the rest of this paper we will
only consider a single dustlike matter component for which
T" = —p,,. The conformal coupling of ¢ to matter gives
rise to a fifth force which in the nonrelativistic limit and per
unit mass is given by

B(¢)

17"4, = —§logA = — M, 6({),
&)
dlog A
B(¢) = MPIOL%TW-

The Bianchi identity and the field equations imply the
following conservation equations:

dlogA
V,Th =+ a"i APTEV ¢, (6)
dlogA
VLABTE) = =S SADTE Y, b ()
V,.Th" = 0. (8)

The equations presented above are the only ones needed to
derive the modified Layzer-Irvine equation. For a more
thorough review of scalar tensor modified gravity theories,
see [44].
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III. THE LAYZER-IRVINE EQUATION FOR
GENERAL RELATIVITY

In this section we rederive the Layzer-Irvine equation
for the case of a collisionless fluid interacting with gravity
in an expanding background. This equation was first
derived by Layzer [37] and Irvine [38] in the early 1960s
and our derivation below will be close to that of [37].

We will here only consider a flat spacetime. However,
the results we derive below also apply for curved space-
times as long as we only apply them to regions smaller than
the radius of curvature [37]. The background metric of a
flat homogenous and isotropic Universe is the Friedmann-
Lemaitre-Robertson-Walker metric

ds?> = —dt* + dr* = —dt* + a*(t)(dx* + dy* + d7?).
9

In the following X will denote the comoving coordinate and
F = aXx the physical coordinate. For a collection of colli-
sionless particles the energy momentum tensor is given by

TH () = Z"“S(x J_x)” .0

where u* is the four-velocity of particle i. If we treat the
collection of particles as a fluid then we can define

Th" = puutu’, 1D

where u* is the four-velocity of the fluid. We let p,,(r, ) =
pm() + 8p,,(r, 1) denote the matter density field and
¥ = ax the peculiar velocity field. An overbar will always
denote a quantity defined in the background cosmology,
e.g. p,,(?) is the homogenous and isotropic component of
the matter field.

The continuity equation for the energy-momentum
tensor reads

VT =0—V,(p,u*) = 0. (12)

By writing out the components and subtracting off the
background equation, p,, + 3Hp,, = 0, we get it on a
convenient form

(@38p,) + @V, (p,,5) = 0. (13)

In the real Universe the metric is perturbed due to the
presence of matter perturbations and this equation will
have additional contributions like terms containing the
time derivative of the Newtonian potential ®,. These
terms can generally be neglected as long as the weak-field
approximation ®, < 1 holds (which is the case for most
cosmological and astrophysical applications).

The equation describing the motion of the particles
(fluid) is the geodesic (Euler) equation,

dut
dr

dx
okt =0, ui=n (14)
dr
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If we take the energy-momentum tensor of matter to be that
of particles then this equation follows directly from the
Bianchi identity. Writing out the geodesic equation and
neglecting small terms, we get an equation of motion very
similar to the Newtonian result generalized to an expand-
ing background,

. . 1>
X+2HX=—-V,d,, (15)
a
or equivalently
d(av > . .
(:tv) = —V,(ady) v = ax’. (16)

The Newtonian gravitational potential is determined by the
Poisson equation

Vid, = 47Gép,, 17)
and the solution can also be written explicitly as

5pulr, DdF
Ir= 7

y(ri) =G [ Ca)
where the integration is over the whole space. The system
of equations

>

X+2HX=—-V,d, (19)
a

V2d, = 47Gdp,, (20)

forms the basis of N-body simulations for collisionless
matter.

To form the Layzer-Irvine equation we need to integrate
the equation of motion, Eq. (16), over space. In the follow-
ing we will consider a very large, but finite, volume to be
able to neglect surface terms arising from integration by
parts and to avoid convergence problems. It is also possible
to consider, as is the case for N-body simulations, a finite
volume with periodic boundary conditions. We will in the
next section discuss how to handle the case of going to an
infinite volume, which turns out to be pretty straightfor-
ward and does not change the form of the final equation.

To form the Layzer-Irvine equation we contract Eq. (16)
with vap,,d*r = va*p,,d>x and integrate over the distri-
bution of particles with the result

oT Y
v o = - / Prip,d) - (V,y), Q1)
where
1 Npar[iclcs 1
T = [5 UzpmdSr = ,:Zl zmiv% (22)

denotes the total kinetic energy associated with the pecu-
liar motion. Using integration by parts and applying the
continuity equation, Eq. (13), we can rewrite the right-hand
side of Eq. (21) as

044057-3



HANS A. WINTHER
- f(ﬁrq)N) ' 5pmd3r = fq)Nﬁr(ﬁpm)cpr

d
= —fCDN—(Spmd3r), (23)
ot
which can be rewritten once again using the Poisson
equation as
d oU
~ [ @usGona'n) = ~(TX+ HUY). @4

where

1
UN = /§®N5pmd3r

_ G [/‘Spm(r, Nép,(r, )d*rd’r
2

lr =7l

(25)

is the gravitational potential energy. Collecting results we
are left with

%(T Y Uy) + HQT + Uy) = 0 26)

which is the Layzer-Irvine equation.

If the total energy E = T + Uy is conserved we recover
the well-known virial relation 2T + Uy = 0.

By making the definitions (the justifications for these
definitions in terms of statistical physics of fluids have
been given by Irvine [38])

T+ Uy

€m YA 27)
2T + U
3pm = TN (28)

where' V = f d*r we have that Eq. (26) can be written on
the more familiar form

d
5, €m + 3H(e,, + p,,) =0 (29)
which is a cosmological continuity equation.

IV. LAYZER-IRVINE EQUATION FOR
SCALAR-TENSOR THEORIES

In this section we derive the Layzer-Irvine equation for
the class of scalar-tensor (modified gravity) theories given
by the action Eq. (1). We will just state the equations
describing our system without derivation, as a complete
derivation of the equations below can be found in e.g. [32].

As we did in the previous section we take the energy-
momentum tensor of the matter to be that of particles. Note
that we use the definition of T},” depicted in Eq. (2) so that
the density p,, satisfies the usually continuity equation,
Eq. (13), but as we will see below the Newtonian potential

"For an infinite volume this is to be understood as a limiting
procedure.
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is sourced by the density p; = A(¢)p,,. The continuity
equation in terms of this density reads

(a? SPJ)
PE

+V,(p,0) — p,;5V, logA — log Adp,

0 A
—p;— log==0, 30
Pfat OgA (30)

where 5p] = A(d))pm - A(d’)/_)m

The geodesic equation describing the motion of the fluid
is modified due to the presence of the coupling of ¢ to
matter,

du’ . dlog A
a7 + F;“,u”u” = — o
which in the nonrelativistic limit becomes

dlog A .
gf — —aV,(dy + logA).  (32)

The Poisson equation is also modified due to the presence
of the scalar field and reads

Vid, = 47GSp; + 47GS6Sy = 4wGoSyy, (33)

(¢ +uktd  u’), 3D

%(aﬁ) + (ab)

where the source coming from the scalar field is

with p4 = p, — py and likewise for 6p,. The energy
density and pressure of the scalar field is defined as
py =Ty and p, = 3T, ; respectively.

Contracting Eq. (32) with avp,;d*r = a*0p,d*x and
integrating up we find

T+ HQT + 6T) = — f V(D + log A)p,id’r,  (35)

where
1
T = [d3r§v2pj, (36)
1 dlogA
8T = | d*r=1? ( ) 37
[ r2va dloga 37

Using the continuity equation, Eq. (30), we can remove the
velocity term in Eq. (35) by integration by parts to find

[ V@ + 10z 030, = (38)
+ [ (5 3Smd'n) (39
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log A

- f d3r((DN+10gA)6Stota% (42)
dlog A

f Pr(®y +logA)SS,, ‘a’g 43)
9 A

| BHDy +1ogA) g, log2 44

[d”(N og )pjatOgA (44)

- f Br®y + 10g AV, log A)p, 5. (45)

We will now go through the different terms one by one.
The first term, Eq. (39), can be integrated by parts with
the result

d .
[CDN<$ (5St0td3r)) = UN + HUN, (46)

() 1 >
UN = /7N5St0td3r = _% fd3r(V,¢N)2. (47)

This last form of Uy follows from the Poisson equation and
integration by parts and is identical to that of standard
gravity except here the Newtonian potential is also sourced
by the scalar field.

The term Eq. (40) is of order U, , where

[ N §S,d°r. 48)

This term cannot be written on a form that does not include
time derivatives of the Newtonian potential.” We will
therefore assume |Uy 4>| < |Uy| so that we can neglect
this term and the term in Eq. (43). For known modified
gravity theories this assumption is usually satisfied (see
e.g. [30)).

The term Eq. (42) becomes —H(28Uy + 68U, 4) Where

9 log A
f PrN 58, 8L (49)

dloga

dlogA
8Ujogs = f d%logASStotWia. (50)

In the following all terms 6U, will mean U, with the

inclusion of a factor g{giﬁ in the integrand. We have, for

example,

9log A
UN+5UN—/(;13 N5St0t(l+ v8 ) (51)
dloga

and similar for all other terms U, so that all the terms 6U,

can be neglected when | ‘3;222 | < 1.

*This is crucial when we later will implement these equations
in an N-body code as time derivatives of the gravitational
potential is in most codes not known.
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The term Eq. (44) can be neglected as it is a factor
|®y +logA|l < 1 smaller than a term coming from
Eq. (42) as we will show below.

The term Eq. (45) can also be neglected for most models
of interest. To see this, take the “worst-case’ scenario of a
scalar fifth force which is proportional to gravity every-
where with some constant strength . For this case this
term is of order

2 2 J 3 (I)IZV
ZB (1 +2B )5 jd rT(SStOt (52)

and the integrand is a factor 282(1 + 28%)®,y < 1 smaller
than the integrand of U, for the interesting case 8 < O(1).

The only term left to evaluate is Eq. (41). The equation
needed to rewrite this term can be found by either using the
field equation or more directly by using the conservation
equation for the energy-momentum tensor of the scalar
field Eq. (3). For the first approach we start with the field
equation

r : (fX6r¢) -

L, (a fxd) —

Q.)|Q,

fng + 1ogA,¢p1
(53)

1
PE
0

At the background level this equation simplifies to

1 -
Ly=—-(@fxd) =[5 +logAzp, =0 (54)

2l

The two equations above (trivially) imply
fd3r(£¢¢ ~L;$)=0 (55)

which can be written out and integrated by parts to get it on
a convenient form. This procedure applies for any scalar
field theory.

The second approach is to start directly from the con-
servation equation for the scalar field Eq. (6) and integrate
it over space to get

ad

2 [@nr,g- T¢O)+H/dr(T¢, 7,

alogA

~ [er(aor, ER - a7, BE). 6)

where an overbar as usual denotes a background quantity.
This expression is valid for any scalar-field theory in which
f=f(¢,d¢p,9¢,...) and not just for our particular
f = f(X, ¢). However, if we have a theory where the
coupling to the matter sector is not conformal, then the
right-hand side of this equation needs to be modified.

When we specialize to theories given by the action
Eq. (1) we find
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(Uyg — HUyy) + (U + 3HU,) + (U, — 3HU)
+ Uy — H8Uy) + Ujgga

= f log A~ (8p,dP) (57)
ot
where
1
Uvy = de”fxz(vrd’)z, (58)
U
Ug = [[@rixz(é = ), 59)
U= [dret ) - g B 60

U, = f PrilogA(d) — logA(@)p,  (61)

suy = [ @rtogaid) - 10g4@N5,(T20). (6

dloga
The g function is defined as g(X, ¢)=
fx(X, )X — f(X, ¢) and
Uioga = /d3r10gA55mt

_ 1 3 (0 (Y
- f BrV,Dy) - (V,logA).  (63)

We can now combine all the results above to get the
modified Layzer-Irvine equation

0
g(T‘I' UN+ UlogA + UA + Uv¢ + Uf+ Ud’)
+ HQT + Uy — Uyy — 3U; +3Uy)
+H(5T_ 26UN - 5U10gA - SUA) =0. (64)

The derivation above assumed a finite volume or a box with
periodic boundary conditions. If the volume is infinite we
reformulate the equation in terms of

U,

W, = T/l (65)
where V = [d3r = a3 [ d®x. The final equation is then
to be read as first integrating over a finite volume V and
then taking the limit lim,_,, W;. This procedure leaves the
equation invariant.

To understand the final equation better we can rewrite it
slightly. We start with the space averaged energy density
and pressure of the scalar field (the space integral of the 7})
and T! components)

_ Uy + Uyy + Uj

€¢ V ’ (66)
3U4 — Uyy — 3U
3py =2 V¢ L (67)
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We now associate, as we did for standard gravity,
_T+Uy

€n = V s (68)
2T + Uy
3pm = v (69)

with the internal energy and the cosmic pressure for the
matter (due to gravity) and €4, = % with the potential
energy associated with the matter-scalar interaction.

Inserting all this in the modified Layzer-Irvine equation,
neglecting the (typically) small terms 6U,, we can write it
on the form

d
a(Gd, + €, + Em¢) + 3H(E¢ + €, + Em¢ + p¢ + pm) ~0
(70)

which is a continuity equation. The total energy density is
seen to be just the sum of the expected matter, scalar and
interaction energy density and the pressure likewise.

There is one last, but very handy, relation we can derive
in the case where the time derivatives of the scalar field can
be neglected in the Klein-Gordon equation. Starting from
Uvy and using integration by parts we find

Uos = =5 [ @réVxV9)

B(D)pw B(@)ﬁm)
My, My )

(71)

5 Jara(ra- o+

Now if B is a constant then this equation simplifies to

1 1
Uvy +§UlogA =73 [d3r¢(f,q§ —fs)  (12)

which can be used separately from the Layzer-Irvine
equation as a consistency relation or together with the
Layzer-Irvine equation itself to remove e.g. the term Uyy.

The advantage of using Eq. (71) [or Eq. (72)] is that it
does not depend on time derivatives and can be used for an
arbitrary static configuration. This equation can serve as a
novel test of the scalar field solver in an N-body code. The
advantage of this test over current static tests is that it
allows us to test the code using a realistic density distribu-
tion, i.e. one similar to that encountered in numerical
simulations. One can also use this relation at each time
step when performing numerical simulations as an accu-
racy check.

V. SPECIFIC MODELS

In this section we go through specific models and
conditions where additional approximations and simplifi-
cations can be made. The simplifications we make are
those that apply for N-body simulations and are not always
applicable in general. We start by checking that the
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equation we have derived gives predictions that agree with
our expectations.

A. Enhanced gravity

Let us, as a consistency check, start with the case where
we have a fifth force that has an infinite Compton wave-
length and a constant coupling B. This is achieved by

taking f(X, ) = X and A(¢) = eﬂ%. This case corre-

sponds to standard gravity, but where Newton’s constant

G is larger by a factor 1 + 232, Under the assumption

that we can neglect time derivatives in the Klein-Gordon
equation for the scalar field we find

logA = ﬁ

My,

= 2B2®y (73)
giving
= 432 UN:

Since B¢ =2B°®y < 1 we can safely put A = 1. This
means we can also take U4 = Oand U j is negligible as this
is second order in the time derivative of the gravitational
potential. The term Uy =0 as g — g =0 and this also

holds if we add a constant potential (a cosmological con-
stant) to the scalar field. This leaves us with the equation

Uioga Uyg = —2B°Uy. (74

ad
&(T + Uy + H2T + Uyy) =0, (75)

where U, = Uy(1 + 28%). This is the correct result as
can be seen by making the substitution G — G(1 + 28?) in
the original Layzer-Irvine equation, Eq. (26).

B. Yukawa interaction

The next simplest case is a massive scalar field coupled
to matter. This case leads to a total gravitational force
between two point masses of the Yukawa type,

. GM\M,
l"

F= (1+28%(1 + mr)e_”")f (76)

where 2832 is the strength and m ™!
matter-scalar interaction.

This scenario is achieved by taking f(X, @) =
X — V(¢), where V(¢p) = 1m*¢p? and A(¢p) = o

As for the case above we can neglect Uy and U, but
now the term U/ is nonzero,

is the range of the

_ (3.1 a2 72
Uy [drzm (p* — @2), (77)

and represents the potential energy of the scalar field itself.
From Eq. (72) we get the very simple relation

1
EUlogA—i_Uf:O (78)

which gives the Layzer-Irvine equation

Uyy +
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%(T + Ug) + 2HQRT + Uy, —2U;) =0, (79)
where Uy, = Uy + % Uloga- We can now check that we get
the correct value for U,,.

If we assume the time derivatives can be neglected then
we can Fourier transform the Klein-Gordon equation with
the result

BT (8p,) ¥

:]:((ﬁ) B Mp] k2 + mz'

(80)

Taking the inverse Fourier transform and using the con-
volution theorem together with F~ l(m ) = 1 e ™ we

can write down an explicit solution for the scalar field:

232Gf3p(r1)d MLp-ml=Al - (81)

|r—r1|

M Pl

From this it follows that

Utot = UN += UlogA
ﬂ5p(71, 08p(ry, Nd’rid’r,
17 =7l
X (1 + 2p2emn—rl) (82)

which is the correct potential energy for a Yukawa inter-
action combined with gravity. In the limit m — 0 we
recover the case discussed above. Our result, Eq. (79),
agrees with that of [43] with the exception of the term
U which was not taken into account in their phenomeno-
logical approach.

C. Nonclustering scalar field

In theories where the scalar field does not cluster

significantly the factor ‘3}2‘2‘* can be taken to be equal to

the background value giving U, = 3]& 2 U,.

For quintessence models f = X — V and the coupling to
matter is zero (B = 0) giving the same equation as for
standard gravity. The modifications from standard gravity
are only implicit in the evolution of H(¢). This is also
expected as the quintessence field only affects the back-
ground cosmology.

Coupled quintessence [7] is a class of models where
dark matter and dark energy (given by the scalar field ¢)
have interactions. General models in this class have a time-
varying coupling B(¢) = B(¢) = B(a). The interaction
range in these models, when explaining dark energy, is of
the order of the Hubble radius giving log A ~23%(a)®y
and the Layzer-Irvine equation simplifies greatly to

ﬁ()

—(T + Uie) + HRT + Upy) +—— ¢(T W) =

(83)

044057-7



HANS A. WINTHER

where U, = (1 + 28%(a))Uy is the total potential energy.
This equation agrees® with the result found in [41,42].

D. Chameleon-like theories

Chameleon-like modified gravity theories refer to mod-
els given by the action Eq. (1) with f = X — V(¢), where
the effective potential Vo = V() + A(h)p,, has a mini-
mum ¢, (p,,) and where the mass m*(¢) = Ve 44 at
this minimum is an increasing function of p,,. Examples of
such a model are the f(R)/chameleon [12], symmetron
[16], and environmental dependent dilaton [18]. In these
models local gravity constraints forces ‘”ogA < 1[19] and

all the terms 06U, can be neglected. ThlS also generally
implies that |¢| < |§¢| implying Uj < Uyy, an
approximation often refereed to as the quasistatic approxi-
mation [30] and is the reason why N-body simulation
of these theories can neglect the time derivatives in the
Klein-Gordon equation,” This leaves us with the simplified
equation

d

+ HQT + Uy — Uy, — 3U;) = 0. (84)

VL. IMPLEMENTATION IN N-BODY CODES

In this section we discuss how to numerically implement
the modified Layzer-Irvine equation in an N-body code
and how we can monitor the level of which it is satisfied.

For standard gravity the kinetic energy of the dark
matter particles is given by

1 pun
T= fd3r§v2pm Z m;v3, (85)

where m; is the mass of each N-body particle with

m. = meBg
! Nparl

denotes the box size at @ = 1 and Ny, the number of
particles in the simulation.

Using the Poisson equation and integration by parts, the
gravitational potential energy can be written

when all particles have the same mass. B

1 1 1
UN = fd3r§q)N5pm = n /d3V§(I)NV%(I)N (86)

_ 1 3.(V 2
- [ PrV, D2 (87)

’In the notation of [41] we have {; =1 ‘fé:‘) Zﬁ(g"a and £, =0
for the model considered here. Inserting this in their Eq. (17)

gives our Eq. (83). Likewise, by comparing our notation with

7 — Bla) do(a)
that of [42] we find { = My dloga
our Eq. (83).

Recently, a new code came out where the full Klein-Gordon
equation is solved for the first time in an N-body code [25].

which in their Eq. (5) gives
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In an N-body code we can approximate this potential (here
for a grid based code) by

1 ce]]
Uy~—g— Z drd  (Fy)?, (88)

where the sum is over all the cells of the grid structure,
(Fy); = (V ®y); is the force field, and drl; is the
volume of grid cell i. Note that the gradient and the volume
element are in terms of the physical variable: V, = %Vx
and &°r = a*dx>.

In modified gravity, the kinetic energy is modified com-
pared to standard gravity as the mass of the particles is now
¢ dependent,

N, part

T=Y Smie, (89)
i=1

where m;(¢) = A(¢p)m; with 3 ;m;
dard gravity we have

= puoB3. As for stan-

cel]

Uy = SwG 2, i Fu)f (90)

The fifth-force potential can be rewritten using the Poisson
equation and integration by parts to give

1 R R
Uign = =g [ @729:00) - (V,10g ) O

which can be evaluated as

Nce]]
Ujoga = — 37 D dxi2Fy)i - (Fy)i  (92)
i=0
where (Fy); = —(% 6,(]5),» is the fifth force in grid cell i.

The other potentials are trivial to calculate, for example

L(,]]

Z dxcelh(A((]S ) A(d))) (93)

There is also a further simplification for theories with
constant coupling S (i.e. logA = ﬁ—ﬁ) where we can write

the term Uy, as

(2B2) 1 Neen

UV¢ Z dx CCHI(FQS)%' %94)

When implementing the Layzer-Irvine equation in an
N-body code it is convenient to work with the normalized
potentials

a2 Ui
(HoBo)*pmoBj
In this form the potentials are dimensionless and also the

kinetic friction term 2HT is removed from the equation.
This is also the definition used in RAMSES [45], for which

E = (95)
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the N-body code ISIS [21] we have used to implement these
equations, is based on.

To define the deviation from the modified Layzer-Irvine
equation we first start by writing it as

d
Z(“'E + y,.H)E,- =0, (96)
where «; and +y; are constants or functions of the back-
ground cosmology only. In order to evaluate this equation

numerically, it is more convenient to rephrase it as the
integral equation

Sa(Ea) = Efa) + [ SE)E =0 01

We denote the left-hand side of the equation above as o
To have something to compare o ; against we define

aj da
/ao zi:(%Ei) w0
(98)

We can now define the error, or deviation, from the
Layzer-Irvine equation at time step j by

j.

Ej = Zlail(lEi(aj)l — |Ei(ag)l) +

=Y
e(a;) s, (99)
The function e(a) will be referred to as the Layzer-Irvine
constant.

It only remains to define how we calculate the integral in
Eq. (97). In an N-body code we only have the potentials
E;(a;) at each discrete time step j and must therefore use
some approximation for the integral. We start by writing
the integral in Eq. (97) as

a; da L. fa da
L= ["SwE) =3 [ SeE) st o)
ag 3 a S aen a
so that I; = I;,_; + d1;, where
ai; da
5]j = [a Z(%Ei);-

This integral is approximated by the mean value of the
discrete integrand and an exact integration of [da/a
giving

[ (ViED)a=a,, T [ZiViEDlu=g, a;
ol; = 5 log .
: a

(101)

j—1

(102)

VII. TESTS ON N-BODY SIMULATIONS

We have run N-body simulations of modified gravity
models to see whether the Layzer-Irvine equation devel-
oped here is satisfied and also to see what level of violation
we would get if a mistake is made in the numerical

PHYSICAL REVIEW D 88, 044057 (2013)

implementation. Before we ran the simulations we tested
our N-body scalar field solver against static density con-
figurations where analytical solutions were known, and
found a good agreement. We will therefore assume that
the implementation of the (static) Klein-Gordon equation
is correct and the tests we perform will tell us if the code is
able to accurately solve for the time integration of these
models.

The N-body simulations performed in this paper are
done with the ISIS code [21] which is based on the publicly
available code RAMSES [45].

A. Enhanced gravity and the Yukawa interaction

We have implemented the Yukawa interaction model
described in Sec. VB in the N-body code ISIS [21]. We
ran simulations in a box of size By = 200 Mpc/h with
N = 1283 particles and a standard WMAP7 cosmology
starting from z = 20. The model parameters used in
this test are m~!={1,5 00} Mpc/h together with
28> ={0.01,0.1,0.5}. The m~! = oo run is equivalent to
standard gravity with an enhanced gravitational constant
G — G(1 + 28%) and serves as a benchmark for the modi-
fied gravity models we will look at below.

In Fig. 1 we show the Layzer-Irvine constant € for the
enhanced gravity model (m~! = o0) with 1 +28% = 1.5,
1+282=1.1, 1+2B>=1.01, and standard gravity
B = 0. All the simulations use the same initial conditions
and the same background cosmology. We find that

Layzer-Irvine constant for enhanced gravity
T

0.25 T T > T T
1+2[32=1.00 —
142p2=1.01 ——
142p2=1.10
1+23°=1.50 ——

0.2 4

0.15 1

w 01 ]

005F i

of ]

_0 05 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1

a

FIG. 1 (color online). The Layzer-Irvine constant as a function
of scale factor for the enhanced gravity model (solid lines)
G = G(1 +28%). The dotted lines show the corresponding
Layzer-Irvine constant calculated using the pure GR equation,
Eq. (26), i.e. when not taking the potential energies of the scalar
field (Uyg and U,yg4) into account.
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Layzer-Irvine constant for the Yukawa interaction

0.05 T T T T

R m_1:mMpc/h 2[5 =01
m_, =5 Mpc/h, 2B =0.1
m =1 Mpc/h,2[3 =0.1

0.04 |-
0.03f -
002} | ' -

001 | .

-0.01 |- R
-0.02 ]

-0.03 |- -

-0.04 1 1 1 1 1

a

FIG. 2 (color online).
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Layzer-Irvine constant for the Yukawa interaction
0.05 T T T
= Mpc/h 2B = 05 —
=1 Mpc/h, 2[5 =05 —
0.04 B

0.03 - _

0.02 |- _

0.01 _

-0.01 | |

-0.02 - _

-0.03 | -

-0.04 1 1 1 1 1

a

The Layzer-Irvine constant as a function of scale factor for the Yukawa interaction model (solid lines) with

coupling strength 232 = 0.1 (left) and 232 = 0.5 (right). The dotted lines show the corresponding Layzer-Irvine constant calculated

using the pure GR equation, Eq. (26).

€ < 0.01 during the whole evolution for all runs
which is also what we get for the standard gravity simula-
tion. This test tells us that even when gravity is enhanced
the code is still able to accurately solve the N-body
equations.

The dotted line in Fig. 1 shows the Layzer-Irvine con-
stant calculated using the Layzer-Irvine equation for stan-
dard gravity Eq. (26). This result is equivalent to what we
would get if we made a mistake in the numerical imple-
mentation consisting of taking the prefactor in the geodesic
equation to be a factor 1 + 232 larger than the correct
value. The huge deviation we see, even for 1 + 28> =
1.1, demonstrates the usefulness of the Layzer-Irvine equa-
tion: a small mistake in the numerical implementation of
the geodesic equation will show up as a clear violation in
the Layzer-Irvine constant.

In Fig. 2 we show the Layzer-Irvine constant for
the Yukawa model with 282=0.1 and m ' =
{1, 5, o} Mpc/h together with an enhanced gravity simu-
lation with the same strength. The Layzer-Irvine constant
is just as well satisfied for the Yukawa simulations as for
the pure gravity simulation.

For the Yukawa interaction we also test the relation
Eq. (72). This relation does not involve time evolution so
the results in one time step is independent of the previous
time steps and this allow us to use it to test the code for
a realistic’ static configuration where no analytical solu-
tions can be found. The results are shown in Fig. 3. The

SWith realistic we mean a density distribution similar to what
we encounter when performing numerical simulations.

deviation from this relation (measured against the sum of
the absolute values of the three terms) for the most extreme
model is found to be less than 0.2% during the whole
evolution.

In all cases we see that the Layzer-Irvine constant for the
Yukawa interaction is small and the deviation we find is

Consistency relation for the Yukawa interaction

0.01 T T T
m1:1 Mpc/h 2[32_05 —
m:1 =1 Mpc/h, 2[32 =0.1
m, =5 Mpc/h, 2[32:01 —_—
m = Mpc/h,2°=0.0 ——
0.005 |- B
S
= 0r
W ”\,\W-W
-0.005 |- B
_001 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

a

FIG. 3 (color online). Test of the relation Uy +%U10g At
Uy = 0 for the Yukawa interaction model. The error is defined
as (Uyg + 3 Uioga + Up)/(1Uyyl| + 3 Ujggal + 1U).
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roughly the same as for the enhanced gravity simulation
with the same .

We note that the (small) violation of the Layzer-Irvine
equation is closely related to the creation of new refine-
ments in the code. The relative fraction of new refinements
being created in the simulations peaks during the period
0.2 = a = 0.5 which agrees with the time when we see the
largest deviation. This happens because when new refine-
ments are created we automatically increase the accuracy
in the calculation of the potentials while leaving the kinetic
energy (which comes from the particles) untouched. We
also note that the evolution of the Layzer-Irvine constant
for any model, standard gravity included, depends sensi-
tively on the refinement criterion, the number of particles,
and the time-stepping criterion used in the simulation.
A complete study of all these effects is beyond the scope
of this paper.

B. f(R) gravity
f(R) gravity can be written as a scalar tensor theory

where A() = ¢ with 8 = 1/+/6 =~ 0.408 and for some
model specific potential V(¢) [46].

The particular Hu-Sawicky f(R) model [47] has been
implemented in ISIS. The implementation has been prop-
erly tested against analytical (static) configurations and
against results from the literature. The code was found to
work accurately.

For the simulations performed in [21] we have calcu-
lated the Layzer-Irvine constant using Eq. (84) which is
consistent with the approximations used in the simulation.
These simulations all have N = 5123 particles in a box of

Layzer-Irvine constant for the f(R) model
T T

ACDN ——
frol=107 ——
0.04 | fro|=103 -
frol=10° ——
0.02 .
w ol R
002 F .
-0.04 .
1 1 1 1 1
0 02 0.4 06 08 1

a

FIG. 4 (color online). The Layzer-Irvine constant as function
of scale factor for the f(R) simulations in [21].
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size By = 256 Mpc/h using a standard WMAP7 cosmol-
ogy. See [21] for more details.

In Fig. 4 we show the Layzer-Irvine constant for
the three simulations with the model parameter |fgo| =
{104,107, 10~°} compared to a ACDM simulation using
the same initial conditions. For a more complete descrip-
tion of the Hu-Sawicky model, see for example [27,47].

We find that the Layzer-Irvine constant has a
maximum deviation of ~2% which is comparable with
the evolution of the Yukawa interaction with B8 = 0.5
presented above.

VIII. CONCLUSIONS

We have derived the Layzer-Irvine equation, describing
quasi-Newtonian energy conservation for a collisionless
fluid in an expanding background, for a large class of
scalar-tensor modified gravity theories. The equations
derived have been tested in N-body simulations of modi-
fied gravity theories.

Monitoring the Layzer-Irvine equation is one of the few
tests that directly probes the time evolution of a simulation.

We demonstrated that a mistake made in the implemen-
tation of a modified gravity theory, consisting of a wrong
prefactor in the geodesic equation off by no more than a
few percent from the correct one, will lead to a huge
violation of the Layzer-Irvine equation. Such a mistake
will also give effects on the matter power spectrum, but
these can be degenerate with cosmic variance.

As a test, the Layzer-Irvine equation can be used in
several different ways. When implementing new models
in an N-body code, one often makes several approxima-
tions to simplify the equations of motion. One way to apply
it is to take the actual equation we put into the code, derive
the corresponding Layzer-Irvine equation, and run the
simulation. The results from this equation will tell us
how good the code solves the equations we actually try
to solve, i.e. how good is the accuracy and the methods
used. Secondly, we can take the full Layzer-Irvine equation
and test it. The results from this equation can tell us some-
thing about how good the approximations we have used
are. Lastly, we have shown how the relation Eq. (71) can be
used as a new static test which can be applied to any
density distribution where no analytic or semianalytic
solution of the Klein-Gordon can be found.

There are scalar-tensor theories that are not covered by
our analysis, like for example the Galileon; however, the
same methods we used here can easily be applied to any
scalar field theory of interest.
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