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Simulating a numerical UV completion of quartic Galileons
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The Galileon theory is a prototypical effective field theory that incorporates the Vainshtein screening
mechanism—a feature that arises in some extensions of general relativity, such as massive gravity.
The Vainshtein effect requires that the theory contain higher order derivative interactions, which results in
Galileons, and theories like them, failing to be technically well posed. While this is not a fundamental issue
when the theory is correctly treated as an effective field theory, it nevertheless poses significant practical
problems when numerically simulating this model. These problems can be tamed using a number of
different approaches: introducing an active low-pass filter and/or constructing a UV completion at the level
of the equations of motion, which controls the high momentum modes. These methods have been tested on
cubic Galileon interactions, and have been shown to reproduce the correct low-energy behavior. Here
we show how the numerical UV-completion method can be applied to quartic Galileon interactions, and
present the first simulations of the quartic Galileon model using this technique. We demonstrate that our
approach can probe physics in the regime of the effective field theory in which the quartic term dominates,
while successfully reproducing the known results for cubic interactions.
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I. INTRODUCTION

While general relativity (GR) has made myriad successful
predictions at many different scales, a number of deep
puzzles posed by contemporary cosmology have led to
great interest in the question of whether the theory might
admit robust modifications. The effective field theory
formalism has provided a particularly useful way of explor-
ing and categorizing such modifications, while ensuring that
GR is recovered in the local regimes where it has been so
stunningly successful. Modifications of gravity and general
models of dark energy and cosmic acceleration can be
characterized by the mechanisms through which they
reproduce local scale gravity—i.e., which screening mecha-
nism they employ. Of particular interest in this paper
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are those theories that use the Vainshtein screening mecha-
nism [1] to suppress deviations from GR by screening out
the fifth-force on local scales [2—11]. There exists a range of
complicated theories which exhibit the Vainshtein mecha-
nism, but the Galileon [12], a model with a single real scalar
field, is the simplest example that encapsulates all the
essential features, and is known to arise naturally in the
decoupling limit of massive gravity theories [5-9,13-15].
Galileons include higher order derivative interaction
terms which give rise to the Vainshtein screening mecha-
nism [5-7] yet they have second order equations of motion.
Away from extremely special configurations, such as
spherically symmetric, static sources, Galileons are difficult
to describe analytically, precisely because of these non-
linear interactions. Hence, numerical investigations are
critical for understanding this model. Although such studies
are made easier by the second order nature of the equations
of motion, the effective theory of the Galileon nevertheless
remains not well posed; it has regimes in which the
equations of motion are nonhyperbolic. These regimes
arise when the nonlinear interactions are very large and the
effective field theory is no longer necessarily under control.
While this does not impact the theoretical underpinnings
of the model—it is entirely well behaved when properly
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interpreted as an effective field theory—in order to success-
fully describe the dynamics of the Galileon system,
numerical simulations need to avoid or mitigate these
unstable regions.

The cubic Galileon model was considered in [16] and
it was shown that by turning the nonlinear interactions on
slowly it was possible to mitigate any potential numerical
instabilities, and obtain a power spectrum which matched
the general scaling expectations of analytic estimates
[17-19]. This was significantly improved upon in [20]
where we considered the numerical evolution of the cubic
Galileon using three distinct methods. The first amounted
to low-pass filter combined with the slow turn off method
of [16]. The other two methods involved replacing the
Galileon theory with a system of auxiliary higher spin
fields that control the high frequency modes—a well-posed
(numerical) UV completion model. Motivated by the
origins of the Galileon as a massive spin 2 field, these addi-
tional spin fields propagate via either hyperbolic or para-
bolic equations of motion. The parabolic model is similar to
systems proposed in [21,22] that have been successfully
applied to simulating evolution within scalar-Gauss-Bonnet
gravity [23,24], k-essence [25-28], Horndeski gravity [29],
and other extensions to general relativity [30-32]. This
technique is predicated on the idea that the theory of
interest is a truncation of some larger theory that is well
behaved, and the problems arise from the truncation [23].
These approaches, often referred to as fixing the equations,
are based on the Miiller-Israel-Stewart formulation [33-36],
in which the additional degrees of freedom obey their own
wave equations.

In our work on the cubic Galileon [20], we demonstrated
that the UV completion model asymptotically approaches
the original cubic Galileon theory in the low energy limit,
and argued that our numerical treatment correctly repro-
duces the dynamics of the Galileon in the IR regime.
It is worth emphasizing that the system provides a purely
numerical completion, as there is no known Lorentz in-
variant local and unitary UV completion of the Galileon,
and indeed there are suggestions that such a theory does not
exist [37]. We also compared the three different ways of
resolving the physics in the cubic Galileon model with
numerical integration techniques. All three models repro-
duced the same long wavelength physical processes up to
expected numerical errors.

In this paper we take the next important step to under-
standing the Vainshtein screening by including both cubic
and quartic Galileon interactions. This is by no means
straightforward since it is known that despite being
moderately successful for the cubic Galileon [16,17],
analytic attempts to describe the power radiated from a
rotating system completely fail in the case of the quartic
Galileon [19]. This occurs because the large multipoles are
not sufficiently suppressed. For this reason it has remained
unclear if the Vainshtein mechanism is even active for a

time-dependent system when the quartic Galileon is active.
In the present paper, we extend our successful discussion of
the cubic Galileon using a well-posed UV completion of
the equations of motion to account for quartic interactions.
We have chosen this numerical method in particular to
demonstrate its robustness in working with more complex
systems and because it is well posed and allows us to probe
further into the nonlinear regime than other methods. In a
companion paper we similarly extend the low-pass filter
method to the quartic case [38].

II. QUARTIC GALILEON

The Galileon is a real scalar field, 7, which satisfies the
symmetry 7 — m + b,x* + ¢, for constant parameters b,
and c. The relevant action for the Galileon including both
cubic and quartic interactions [11,12,19] is!

S = / d*x (— % (07)? = —— (0x)200r —

a 2
4A2 (0m)

24A8

x ((Or)* = (dom)?) + . nT>, (1)

where A3 and A4 control the strengths of the nonlinear
couplings in the cubic and quartic terms, respectively, and
T is the trace of the stress energy tensor for the matter
content of the theory. The slightly unusual choice of
normalization is a reflection of how 7z emerges as the
helicity-zero mode in massive gravity theories where it
naturally couples to the trace of the stress energy momen-
tum tensor. This gives rise to a classical equation of motion,

1
Or + 3 ((On)? = (9,0,7)%) + oAg

T
- 3Mp’

x ((Ox)* = 30x(0,0,7)* + 2(0,0,7)*)

with (0,0,7)* = (9,0°7)(0,0"7)(9,0"x). The most impor-
tant type of nonlinearity is controlled by the relative
magnitudes of 1/A5; and 1/A,. For a spherically symmet-
ric, time-independent source with 7' = p(r), the Galileon
system is well studied [19,39,40], and the equation of
motion reduces to

A ) A

(3)

where E(r) = odn/or. We can integrate this to obtain a
solution of the form

1Thr0ugh0ut, we work in the mostly positive metric
convention.
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E(r) 2 [(E(r)\?2 2 (E(r) 3_ M(r) 1
r Jr3—/\3( r ) +9—/\fi< r ) T 12aMp P’ “)
where

M(r) :471'Ardrr2p(r) (5)

is the mass contained within a finite radius when the density
is approximated as a function of r only. Well outside the
source we may take M (r) = M, constant, without con-
sidering higher moments of p. This solution reveals two
important distances associated with the two scales: A3 and
A4. We define the Vainshtein radii of the source as the
radial locations at which the different nonlinear interaction
terms become important, given by

M, \'5 1
e (16MP1> Ay (6)

M, \'3/A;\3 1
r*.4E - ’ (7)
16Mop, A) A,

where r,3 is the radius at which the cubic term is
approximately the same size as the kinetic term, and r, 4
is that at which the quartic term is approximately the same
size at the cubic term [19]. The Vainshtein radii define
the distances from the source at which the nonlinear inter-
action terms become important. It is worth noting that, for
astrophysical sources and cosmologically interesting cut-
offs, the Vainshtein radii are extremely large distances.

For more complicated sources, the Galileon system
has been studied both analytically and numerically (see,
e.g., [16-19,41-45]). Numerical challenges arise when
simulating realistic sources in this model—see for in-
stance [22,32]. Well-posed field theories describe physics
at IR energy scales that are decoupled from the UV modes
of the theory. However, truncated effective field theory
(EFT) expansions are generically not well posed. Although
not a fundamental issue (for example, there is no ambiguity
in inferring low energy S-matrix elements), this can create
a significant problem for the numerical evolution of the
classical system since the UV and IR modes might be
coupled to one another [46]. Furthermore, when the inter-
actions are higher derivative, as is generic, the evolution
may transfer energy from the IR into the UV modes leading
to unstable solutions. The question surrounding the well-
posedness problem, then, is if it is possible to manage the
UV modes without affecting the physics occurring in the
IR region.

In our previous paper [20], we introduced and verified
two classes of techniques which can accomplish this: using
a low-pass filter to dampen high frequency modes, and
introducing additional fields to implement a UV comple-
tion at the level of the equations of motion. Simulations

of the cubic Galileon involving each of these techniques
produced results that were both stable in evolution and
reproduced solutions consistent with analytical expectations.
In what follows we extend the second approach to the
Galileon system with both cubic and quartic interactions.

A. The numerical UV completion

Following [20] our goal is to introduce a numerical UV
completion which is designed to control the high energy
behavior and allow for more stable numerical evolution
than the original Galileon system. Note that this is not a true
UV completion, i.e., we do not require an action, rather this
is a device to regulate the numerical evolution. With this in
mind, we are allowed to introduce friction terms that mildly
break Lorentz invariance to help prevent the instabilities of
high k modes [47]. Using the same technique as in the cubic
Galileon case [20], inspired by how the Galileon can arise
as the helicity zero mode of a spin 2 field within massive
gravity theories, we introduce an auxiliary massive spin 1
A, and a massive spin 2 H,, field that satisfy damped
harmonic oscillator equations [8,9,48,49]. These new fields
replace the troublesome higher order derivative terms in the
Galileon equation of motion with functions of the H,,
fields, thereby allowing us to control the derivative inter-
action terms that are the origin of the instability problems.
We first define auxiliary fields via

A, =0, (8)

and

H,=-(3,A,+09,A,). 9)

| =

We then promote the auxiliary fields to have their own
dynamics and, at the same time, trade the higher derivative
Galileon interactions for the lower derivative fields so that
the UV theory is described by the equations of motion:

1 1
#= V24— ((HY)? = H, HP) +——
it ”+3A§(( 7) uw )+9A2

T
3Myp,’

x ((HY) =3HGH, H* +2(H,,)*) (10)

. 1
A, :vaM—;aoA,,—W(A,,—aﬂn), (11)

. 1 1
a, =V’H,, - ;aOHW — M?> (HW -5 (0,A, + aDA,,)>.

(12)
These equations have been constructed such that the

friction term ensures that the new propagating degrees of
freedomin A, and H,, decay on a time order of 7. As in the
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cubic case, we have now turned a single propagating field
into a total of 15 fields, all of which obey a form of the wave
equation. Importantly, the 14 additional degrees of freedom
should decay away on a time scale of order z. The only
difference between this quartic Galileon system and the
cubic Galileon system considered in [20] is an additional
term in the equation of motion for the z field.

The terms on the right-hand side of (11) and (12) dictate
that solutions will asymptote at low energies (k, v << M)
to the definitions of A, and H,, respectively, given in (8).
Additionally, the definitions of the auxiliary fields are
constraints on the boundary conditions of our numerical
system. In the low energy limit, it is clear to see that (10)
reduces exactly to (2), the equation of motion for the
Galileon that we started with. The addition of these fields
does not guarantee stability, however it does eliminate any
issues that arise from the derivative interaction terms. For
another way to write out this numerical UV completion—
one which makes the connection to the IR regime more
apparent—see [20].

III. NUMERICAL SIMULATIONS

The Galileon effective field theory poses several prob-
lems for numerical simulations due to its nonlinear nature,
coupled derivative interaction terms, and the many scales
of interest present in the system.2 Having shown in a
previous work that the full cubic system can be solved
numerically in a way that produces results which agree with
analytic expectations, we use here the most stable of our
methods to produce the simulations of the quartic Galileon
model. These numerical simulations are conducted using
GABE, a verified numerical program for simulating scalar
fields [51].”

To be concrete, we focus on the case when the source is
comprised of two rotating Gaussian-shaped mass-energy
distributions. This is a challenging example that is closely
related to physically relevant sources and also allows for
easy comparisons with our previous work with the cubic
system as well as with other numerical simulations [16]
and analytic expectations [17,18]. We parametrize the
system through two dimensionless quantities, a = QF,
which describes the rotational speed of the system, and
p = 7/r. 3, which relates the diameter of the sources to the
cubic Vainshtein radius as defined by Eq. (6), where 7 is
the distance between the centers of the rotating Gaussians.
To fully constrain the system, we can use Kepler’s law
(a reasonable approximation for small velocities),

M, (13)

O
8aM3

*Other work has focused on singularities in the effective
metric of perturbations as a cause for numerical issues [50].

3

http://cosmo.kenyon.edu/gabe.html.

where M, is the total mass of the system, to describe the
cubic nonlinear coupling term via

32
3V2rx

We choose f# = 0.05 and a = 0.2 as our fiducial model,
which translates into a coupling strength Koy & 1.7 X 10°.

Keubic = ﬂ_3a_1' (14)

A. Dimensionless units

For the simulation to be independent of the physical
parameters of this model, we rescale both our scalar field
and the spatial coordinates to yield dimensionless variables
(denoted with the subscript pr), defined by

(15)

where the rescaling of the spatial derivative clearly follows
from this latter definition. These allow us to rewrite the
equation of motion given in (2) as

|jprﬂ'pr + Keubic ((ljprﬂ"pr)2 - (alerdgrﬂpr)z)
+ £0¢2 ((Dprﬂpr)3 = 30,7 (a’,;‘aﬁrnpr)Z

cubic

P2 A m)) =

prs

where we regularize the sources using J,,

I, = A(e_<7§'<z)/opr)2 + e—(ﬁ"(t)/ffpr)z), (16)

where 7Y (1) = (xp £ €08 (Qulpr), Ypr £ I (et ), Zpr)
and the constant

e

= 3
3n oy

(17)

are chosen to ensure that the total mass of the system is
given by M, = [d®xp = [d°xT, as expected. Addition-
ally, we define the dimensionless quantities,

1 16M
Kcubic = 3—/\2 75

A
and .»:EA—3, (18)
4

which control the size of the nonlinear terms and the
strength of the quartic term relative to the cubic term,
respectively. In the limit & — 0, this system will reduce to
the cubic Galileon model. Additionally, the auxiliary spin
fields are rescaled according to

aM, 16M,
Aﬂ:,/?AMPr, Hy =\ Hu" (19)

124021-4
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We investigate the quartic Galileon system, with these
sources, in a variety of regimes; we also define a fiducial
case for which the physical and numerical parameters
are: box size L = 2.5r, 3 = 507, number of points along
the box N = 384, and time step size dt = f~'7/6400 =
0.0031257.

B. Analytic expectations

The analytic solution for a single Gaussian source is
determined by the polynomial equation,

2
r2E(r) 4 2rkeuicE (1) + 2k2,1, L8 () = ay/ on (20)

where we define £(r) = 0z, /0r,,. It is evident that as
& — 0 we recover the cubic system. For £ > 0 there will be
three regions depending on which of the three terms Klein-
Gordon, cubic, and quartic dominates. We can solve this
analytically and determine the relative importance of each
of the three terms for a given value of &. Figure 1 depicts the
contribution of each of these terms to the equation of
motion for the 7 field for a given value of £ = 0.6 and a
single Gaussian source. It is clear that for £ = 0.6, the
binary system is well inside the region in which the quartic
Galileon dominates, namely the Vainshtein radius r, 4. For
this reason we expect our simulations to be substantively
different than those for the pure cubic Galileon & = 0.

C. Boundary conditions

In each simulation, we use outgoing boundary condi-
tions, so that the physical processes inside the box are the
only sources to the fields. To isolate the system, we con-
struct a buffer of points inside the lattice at each boundary
where the field is no longer propagating according to its

Contibution to Total

L/

FIG. 1. Analytic contribution of each of the Klein-Gordon
(solid black line), cubic (red dashed), and quartic (blue dot-
dashed) terms to the total 7 field for our fiducial model with
a=02, #=0.05 and £ = 0.6 illustrating the two distinct
Vainshtein screening regimes.

equation of motion given in (10) but rather evolves using
outgoing boundary conditions. For the scalar z field—or
any interaction-less and massless field—this looks like

T
P =—=—0,r. 21
£==—=0n (21)

Although this works well for the 7 field, problems arise for
the massive auxiliary fields. As in the cubic case, we
minimize those issues by enforcing a parabolic damped
constraint equation, given by

A, =—-C(A, —0,n) (22)

. 1
H, = —C(H,w -3 (0,A, + aDAM)>, (23)

where C is some parameter that determines the extent to
which the auxiliary fields are damped. For our simulations,
we set this constant by the decay scale for the auxiliary
fields, C = Mf)rr, a parameter to which the simulations are

largely insensitive below a value of C = 7 x 10*. These are
the same “damped” versions of the constraint equations
used in the cubic system [20], where we determined that
directly enforcing the constraint equations on the boundary
introduces large discontinuities that caused backreaction
into the box. In the low energy limit, we expect that
A, ~0,r and H,, ~ 0,0,x, which would result in a zero
time derivative—and no backreaction.

As energy increases beyond the low energy limit, these
approximations no longer hold, and the time derivatives of
the auxiliary fields are no longer trivial. In that case, our
goal is to minimize the effect that the discontinuities have
on the system, and to enforce that the auxiliary fields
behave like derivatives of the n fields, so that disconti-
nuities do not disrupt the physical processes occurring at
low energies. The discontinuities appear because of the
contribution of the cubic terms to the equation of motion at
the edge of the box. At the boundary, we assume that the
cubic terms vanish, but as Fig. 1 depicts, there is still
around a 40% contribution at the boundary. At first glance,
one viable solution to this appears to be to make the box
bigger in order to allow the cubic contribution terms to
vanish more completely before reaching the boundary.
However, this significantly reduces the resolution of the
sources in the middle of the box. Hence, we enforce
damped constraint equations to mitigate backreaction from
the discontinuities and to maximize the spatial resolution of
the source.

D. Power calculations

To establish whether the Vainshtein mechanism is active
for a time-dependent rotating binary source with the quartic
interactions present, we can calculate the power emitted per
multipole. We calculate this in the same way as described

124021-5
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in [20], by setting up a sphere of points, evaluating 7z, 7,
and d,7 at those points, and then performing a trilinear
interpolation to project the field onto the spherical har-
monics. The sphere is set up using the HEALPIX" standard,
defined by a radius of r = 22.57 which is larger than the
Vainshtein radius, r,, = 207, but smaller than half the size
of the box, Ly,r = 257. This method provides us with a
sphere of evenly spaced points (not necessarily at the lattice
point locations) which are used to decompose the field onto
spherical harmonics.

In [19], the authors analytically found that the power
in higher multipoles is suppressed and that the dominant
multipole was the quadrupole. This was confirmed by the
numerical simulations of [16,20]. By contrast in [17], it was
found that including a quartic interaction term greatly alters
the behavior of perturbations around a spherically sym-
metric, time dependent source rendering the approximate
perturbative treatment inadequate for calculating the radi-
ated power. Nevertheless some insight can be gained from
considering the form of the analytic radiated power which
should be valid when there is a large hierarchy between the
scales involved which consequently allows for the linear
treatment of perturbations from a static, spherically sym-
metric background solution. In this situation, the radiated
power for a given mode depends on m and Z, derived in
Appendix A of [16], and is given by

m(1 + (=1)™)u2,,(F/2)|Y pn (/2. 0) 2,
(24)

where we have restricted ourselves to circular orbits in the
6 = r/2 plane with equal mass objects, For £ = 0, we are
constrained to m = 0, which causes the power to vanish, as
we expect for the monopole. For # = 1, the two allowed
values for m also lead to zero power: £ = 1, m = 0 is zero
because of the m contribution at leading order, Z = 1,
m =1 is zero because the (1 + (—1)™) term is also zero.
For ¢ = 2, the first nonvanishing power term, m = 2 is the
sole contributor because m must be > 0, and it must be
even, so 1 + (—=1)" # 0. For £ = 3, the constraints on m
leave only the m =2 case as a possibility for nonzero
power. However, this is also zero because Y y_3 ,,—»(7/2,0)
vanishes. Extrapolating, we expect that the only non-
vanishing power will arise in modes that have even ¢
(¢ = 2n where n € N) with contributions from m modes
that are also even and greater than zero.

E. Full auxiliary field method

In our previous work, we described two distinct numeri-
cal UV completions for simulating the cubic Galileon
model, both of which reproduced the long wavelength

*http://healpix.sourceforge.net.

behavior expected by analytic analysis. While each of these
had their own advantages and shortcomings, we have chosen
to employ the “full auxiliary field” method for simulating
the quartic system because it allows nonlinear interactions to
turn on sooner and generally requires less spatial resolution.
Our chosen UV completion is in program units,

O™ + k(Hp  Hyy — (Hpt)?) = f1(0)J s (25)

pry
1
DprAEr - ;a]tJrAEr - M}%rAEr = _Mgrazr”pr’ (26)

2

1 M
Ol = 08 HI = M HE, = == (1AL + oA,

(27)

where M, = M7/2 and f(t) is a window function given by

filty) = %tanh‘l <]10 (10 — 25]> + % (28)
that ramps up from zero to unity. Using this system and the
relaxed numerical constraints as boundary conditions for
the auxiliary fields, we have been able to achieve numeri-
cally stable simulations of the quartic Galileon model.

An important check on the numerics is to first ensure
that the quartic simulations reproduce the cubic system
previously simulated by taking the limit £ — 0 for a given
mass value. Figure 2 depicts the asymptotic approach of
the 7 field profile from the quartic system toward the field
profile of the cubic system, taken along a line in the equa-
torial plane of the system. We argued in [20] that the full
auxiliary field method reproduces the dynamics of the
cubic system in a way that matches analytic expectations—
here we validate the current method by comparing it to
previous cubic work [20].

0.000F T T T T T T T T T T T T T T T T T ™
-0.001 P
-0.002 f

-0.003

1
e

-0.004

-0.005 |

-0.006 |

-40 -20 0 20 40

xIr

FIG. 2. The 7z field profile along the x axis after the system has
reached stability using a mass value of M. = 3 and an increasing
nonlinear quartic term, controlled by & The cubic case (¢ = 0) is
denoted by an solid black line, the £ = 0.4 a gray dashed line, and
¢ = 0.6 a red dot-dashed line.
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FIG. 3. Instantaneous and averaged power emitted in the

fiducial system with M7 = 3.76 and ¢ = 0.8 for the monopole
up to £ = 3 modes clearly demonstrating the dominance of the
quadrupole at late times. The monopole is denoted by a red,
dashed line, the dipole a black dashed line, the quadrupole a blue
solid line, and the £ = 3 pole a solid gray line. The dipole and
¢ = 3 modes are both at machine zero.

In addition, we have investigated the dynamics of this
quartic model by examining the multipole power in the
system radiated by the z field. Figure 3 depicts the period-
averaged power contained in each multipole for a single
value of ¢, the parameter controlling the relative strength
of the quartic term. The multipoles diminish in power as
the multipole number increases and only select even poles
(¢ = 2n,m = 2n, n € N) have appreciable nonzero power,
with any power in odd multipoles arising from numerical
errors. Although these results match the analytic expect-
ations discussed in Sec. III D, we stress that for comparable
mass binary sources for which the orbit lies inside the
quartic region, the analytic approach breaks down. Our
result is hence nontrivial and matches the results of the low-
pass filter method in [38].

While the period-averaged power contained in each
multipole highlights the differences between the quartic
and cubic dominated systems, we can also study the effects
of varying M for a fixed quartic strength, &. Figure 4 shows
how the final quadrupole power depends on the M7 para-
meter. At M7 = 0, the only source for 7 is H? s but Hy,
itself is unsourced. Therefore, any oscillations in H,, w111
decay away and, in the long time limit, # will approx-
imately satisfy the Klein-Gordon equation. For large M,
the power converges to a value that is insensitive to
increasing M further, indicating that the UV physics is
decoupled from the IR regime. Comparing Fig. 4 to the
analogous one for the cubic only system in [20], we see that
the final quadrupole power depends on the M7 parameter
in a similar way, and we note that the same asymptotic
behavior is exhibited with higher resolution runs as was
noticed in the previous paper. In other words, in the
M7 > 7 regime, the simulations approximate the M7 — oo,
decoupled limit.

1x10°6 F T T T T T T T B

5x 107 b

TPy /M

Ix 107 ]

5x 108 | . ]

FIG. 4. Late-time quadrupole power emitted by the fiducial
system with a constant value of &= 0.6 and changing M
parameter. The orange dots have 384> resolution whereas the
blue dots have 5123 resolution, included so as to demonstrate the
asymptotic behavior noticed in the cubic system in [20].
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FIG. 5. Power contained in the quadrupole moment for the

fiducial system as a function of the quartic nonlinear coupling
strength &, with fixed M parameter M7 = 6. We note the last point
& = 0.7 reaches convergence although crashes soon after.

We also investigated the M — & phase space by examin-
ing the effect of increasing the £ parameter for a single M
value on the period averaged quadrupole power. Figure 5
portrays the final quadrupole power for a fixed mass M
value. Here, increasing the & parameter from 0.0 to 0.7
encodes the progression from the cubic system to nonzero
quartic contribution regime, with the quartic term domi-
nating for &> 0.6. This highlights how the power is
increasing as we turn on the quartic interaction.

In the full auxiliary field method, issues with the boun-
dary conditions meant that we were only able to simulate
the system up to a certain M7 parameter, for a low value of
£, the same limiting value that we found in our previous
work with the cubic system [20]. Instead of M7 = 10, the
cutoff for the cubic Galileon, here the cutoff is closer to
M7 =~ 7. As the quartic term contributes to the equation of
motion more and more (i.e., as £ increases), the cutoff on
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M7 decreases, because the cubic contribution at the edge
of the box also grows. For higher mass runs, the fiducial
model in the cubic system could stably evolve for several
orbits of the source, but eventually power seeped into the
higher frequency modes and caused the simulation to crash.
At the boundary, we calculate derivatives of the auxiliary
fields while assuming that the constraints are satisfied—a
good approximation given that the constraints are satisfied
exactly and we are far enough away from the source that
the 7 field is Klein-Gordon. Similarly to the cubic case, it
seems that these assumptions are violated for M7 > 5,
because the cubic terms are nonzero at the edge of the box.
We have tested the idea that this is a result of the boundary
conditions and not the model itself by increasing the spatial
resolution of our marginal case M7 = 7 to effectively move
the boundary further from the source, and found that our
simulations evolved longer. In principle, one should be able
to probe beyond the range presented here by increasing
spatial resolution and the number of points used in the finite
derivative equations, although this comes at the cost of
computational resources and time (we estimate that on the
20 core machine with 512 GB RAM memory capability,
these runs would take at least six months to reach stable
evolution).

IV. DISCUSSION

Galileon theories are an interesting class of effective field
theories which incorporate the Vainshtein screening mecha-
nism. This mechanism is realized through nonlinear higher
derivative interactions which become significant in the
region of a massive source. These theories are understood
as low energy effective field theories, and are typically not
regarded as fundamental beyond some cutoff energy scale.
At a practical level, the existence of nonlinear derivative
interactions means the classical equations of motion are
not well posed and this renders the numerical evolution
strongly sensitive to unstable UV modes. This pathology is
of no concern in S-matrix calculations where it is well
understood how to compute scattering amplitudes in the
low energy theory. However, it makes extracting physical
predictions from Galileon theories difficult. If we want to
study and analyze these EFTs numerically, we need a
system that regulates high momentum modes without
disrupting the low energy limit behavior. In our previous
work [20], we established two different approaches to
deal with this. One was to utilize a low-pass filter which
automatically switches off any pathological UV behavior.
The success of this approach is based on the independence
of the long wavelength physics to the precise filtering scale.
The second approach was to replace the original Galileon
system with a UV completion at the level of the equations
of motion, which does not itself have the same high energy
problems, but reproduces the same low energy physics.
In [20] we showed that both approaches can be successfully

used to reproduce the long wavelength behavior expected
by analytic analysis.

In the present work we extended the UV completion
approach to the quartic Galileon system, a system which
has proven intransigent to analytic approximations. The
low-pass filter method will be considered elsewhere [38],
which is less computationally expensive. The method
considered here, although slightly more computationally
expensive, allows us to probe further into the high M,
strong nonlinear regime. Moreover, this method is well
posed and thus avoids imposing arbitrary low pass filters,
as the method in [38] does. Related works [25,26,52] use
UV completions based on other screening mechanisms
considered [53-55]. In this work, we have introduced
auxiliary fields that describe new degrees of freedom
and obey damped wave equations that regulate the UV
behavior. These fields trade the nonlinear interaction terms
with algebraic functions, thereby making the entire system
formally well posed. We simulated a binary orbiting system
and showed that simulations using this technique are stable.
Using the same initial data and sources as our previous
paper, we demonstrated that the quartic Galileon simula-
tions replicate the previously verified cubic system. More-
over, we have been able to probe beyond the cubic regime
into quartic domination, and in doing so, uncovered the
power radiated by each multipole in a quartic domination
regime.

We encountered the same technical issue in the boundary
conditions of massive degrees of freedom which prevented
us from simulating large scales of M as we described
in [20]. While we balanced the limiting factors prohibiting
further investigations into larger scales (specifically the
need for spatial resolution of the source with violating the
assumption of negligible contributions to the equation of
motion at the boundary), this is a known issue in the treat-
ment of massive outgoing waves (see, for instance, [56]).
Hence, we expect that further treatment of this numerical
issue will allow us to probe into those larger regimes.

We have taken a technique developed and verified in [20]
and utilized it for a more generic, previously not-able-to-be
simulated effective field theory. Our hope is that this
demonstrates the utility of this technique for numerical
work investigating EFTs in general, for instance other
extensions to general relativity and perhaps even beyond
cosmology.
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