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ABSTRACT

In this paper, we present a partial result on the global well-posedness of the Cauchy problem for the Einstein-Yang-Mills system in constant
mean extrinsic curvature spatial harmonic and generalized Coulomb gauges as introduced in the work of Mondal [arXiv:2112.14273 (2021)].
We give a small-data global existence theorem for a family of n + 1 dimensional spacetimes with #n > 4, utilizing energy arguments presented
in the work of Andersson and Moncrief []. Differ. Geom. 89, 1-47 (2009)]. We observe that these energy arguments will fail for n = 3 due
to the conformal invariance of 3 + 1 Yang-Mills equations and present a gauge-covariant formulation of the Einstein-Yang-Mills system in
3 + 1 dimensions to show that an energy argument cannot be used to prove the global well-posedness result, regardless of the choice of gauge.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0136619

. INTRODUCTION

One of the fundamental questions in the study of hyperbolic partial differential equations is the issue of long time existence. In gauge
theories, these issues are made complex due to the fact that the choice of gauge plays an important role in the existence problem. As an example,
the spacetime harmonic was utilized to prove the local well-posedness of vacuum Einstein’s equations in Ref. 3. This gauge was believed to be
unstable for large time. However, the authors of Ref. 4 later proved the global existence of the Minkowski space in spacetime harmonic gauges
for small data perturbations, suggesting otherwise. Another familiar example is the use of the Lorentz gauge in Maxwell theory. Use of these
gauges casts the equations of motion into a hyperbolic system whose local well-posedness theory follows using standard methods. Long time
existence issues, however, are substantially more complicated in the case of non-linear equations and require careful attention to the detail of
the non-linearities present. In several cases, the choice of gauge plays an important role in the sense that while one gauge develops coordinate
singularity in finite time, other gauges may be able to exhaust the entire time interval. In addition to these gauge choices, which are naturally
adapted to equations in the fully spacetime covariant form, there are other gauges suitable for studying the equations on a spacetime M of
the product type R x X. One of the most convenient choices is the constant mean curvature spatial harmonic (CMCSH) gauge introduced by
Andersson and Moncrief” to study the vacuum Einstein equations. Application of CMCSH gauges turns Einstein’s equations into a coupled
elliptic-hyperbolic system, whose local well-posedness was proven in Ref. 5. In the context of Yang-Mills theory, the Coulomb gauge is a
natural analog of the spatial harmonic gauge, and it was used by Klainerman and Machedon® to study the local and global existence problems
of the Yang-Mills equations on Minkowski spacetime.

In addition to the fundamental studies presented in the previous paragraph, numerous studies in the literature deal with local and global
existence problems of the Einstein and Yang-Mills equations. However, we will only describe the studies that are relevant to our problem.
First, we mention the work of Lindblad and Rodnianski,* which used the spacetime harmonic gauge to obtain a global stability result of
Minkowski space. LeFloch and Ma’ used the same gauge to establish a small data global existence result of the Einstein-Klein-Gordon
system. In addition to the stability problem of Minkowski space, spacetime harmonic gauge is also used in the context of the cosmological
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stability problem in Refs. 8 and 9. Beyond these examples, there are numerous other studies, e.g., Refs. 10-12, that utilize this particular choice
of gauge. Andersson and Moncrief * proved an asymptotic stability result of the Milne universe utilizing the CMCSH gauge. Later, Andersson
and Fajman used the CMCSH gauge to prove a small data global existence result for the Einstein-Vlasov system on a Milne spacetime.'* In
addition, the authors of Ref. 14 obtained a rough data local well-posedness result for the vacuum Einstein equations,'® proved a local well-
posedness result of the Einstein-Vlasov system,' studied the stability of the Milne universe in the presence of a perfect fluid, and'’” studied
the asymptotic stability of the Milne universe coupled to a Klein-Gordon field, among others. There are numerous studies where the CMCSH
gauge is used to study the vacuum gravity problem or gravity coupled to matter fields, for example.'”*’ A substantial amount of study has
also been done in the Yang-Mills sector. Eardley and Moncrief’** established the global existence of Yang-Mills fields on a Minkowski
background in temporal gauges. Later, the authors of Ref. 23 extended the global existence result to globally hyperbolic curved spacetimes
in the same gauge. As mentioned earlier, using the Coulomb gauge, Klainerman and Machedon® established a global existence result in the
energy norm. Tao’* subsequently presented a below-energy-norm local existence theorem for the Yang-Mills equations on Minkowski space
in temporal gauges. There are countless other studies that are less relevant in the current context.

Our current article is motivated by the desire to extend the result of Ref. 2 to include a non-trivial Yang-Mills source. We employ a
generalized Coulomb (GC) gauge to cast the Yang-Mills equations into a coupled elliptic-hyperbolic system, mirroring the gravitational
sector, which is also reduced to a coupled elliptic-hyperbolic system by the application of the CMCSH gauge. A local well-posedness of this
coupled elliptic-hyperbolic system in the CMCSHGC gauge was established in Ref. 1. However, we find that the energy argument presented
in Ref. 2 for pure gravity fails for the Einstein-Yang-Mills system in 3 + 1 dimensions. In particular, the decay of Yang-Mills fields is weak
in an appropriate sense and as such fail to overcome the non-linearities present through a straightforward energy argument. This is tied to
the conformal invariance of Yang-Mills equations in 3 + 1 dimensions: the Milne universe is conformal to a cylinder spacetime that exhibits
no decay, and so it is natural that Yang-Mills fields would not have an uniform decay on the 3 + 1 Milne background. This problem does
not occur in the presence of Maxwell sources since the latter is linear’ and uniform decay for the Maxwell field is not required to close the
argument. However, in n + 1 with # > 4 dimensions, a modified energy-type argument works and we obtain the desired asymptotic behavior
that leads to a small data global existence result. The result essentially depends on the spectrum of a Lichnerowicz-type Laplacian (acting on
2-tensors) as well as on that of a Hodge-type Laplacian (acting on 1-forms). The additional dependence on the spectrum of a Hodge-type
Laplacian originates from the Yang-Mills sector.

The failure of the energy method in 3 + 1 dimensions necessitates applications of sophisticated analytical techniques, such as light-cone
estimates.”® We believe that the 3 + 1 Milne model is stable under coupled Einstein-Yang-Mills perturbations, and we are unable to prove it
at present using energy estimates alone. We note that Minkowski space is stable under coupled Einstein-Yang-Mills perturbations,”” and the
proof required sophisticated double null energy estimates; such a technique fails in the current context due to the non-trivial topology of the
spacetime. We intend to address this problem in the future.

The structure of this article is as follows. In Secs. I and 111, we present a brief overview of the background spacetimes we are studying
and the construction of the Yang-Mills theory as in Ref. 1. We also discuss the gauge-fixing and re-scaling that we must do to study the
dynamics over time of the geometric quantities that describe the spatial structure of the spacetime. We describe the small-data scenario of the
Einstein-Yang-Mills system.

In Sec. IV, we give a series of estimates for the gauge variables, while in Sec. V, we construct an energy analogous to that presented in Ref.
2 and find leading-order estimates on the decay of the energies. The decay of the energy gives us a global existence result for the Cauchy initial
value problem of the Einstein-Yang-Mills problem. Finally, in Sec. VI, we present a gauge covariant formulation of the Einstein-Yang-Mills
problem in 3 + 1 dimensions to demonstrate that an energy argument of the form used for n + 1, with n > 4, dimensions will fail.

Il. PRELIMINARIES

Here, we will briefly review the setup, terminology, and notation that we will use throughout the rest of this work. Take an integer n > 3.
Let M be a globally hyperbolic n + 1-dimensional spacetime manifold. As M is globally hyperbolic, we may foliate the spacetime by closed
spatial Cauchy hypersurfaces ¥ such that M is decomposed as (0, 00 ) x Z. Let M5 denote the space of Riemannian metrics on a constant time
hypersurface 3, and let & c M5 be the subset of negative Einstein metrics with Einstein constant —a, i.e., the set of all metrics y that satisfy

Ric[y] = —ay.

We will restrict our interest in this paper to metrics in the space &, where we may re-scale the metric such that a = (n — 1)/n?. If we take
y € &4, we then have a hyperbolic metric y on M given by

2
1 ; ;
?z—%dt@dt+t—2yijdx ® dx/ (1)

fort € (0, 00). Observe that j also has vanishing Ricci, and indeed Riemann, curvature and, hence, is a solution of vacuum Einstein’s equations.
This solution will serve as the background geometry in our later analysis, and we will aim to study whether small perturbations to both the
geometry and matter source decay to yield again a metric of this form.
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Throughout this paper, we will use g to denote the dynamical metric that satisfies Einstein’s equations in the ADM formalism. We
will denote by y a C* background metric that satisfies the so-called shadow-metric condition with respect to g; see Subsection IT A 1 for a
discussion of the conditions we impose on y. Note that we will always have y € &,.

We view tensors as sections of vector bundles, and we will frequently make use of the index notation when working with tensors. We let
Greek indices (y, v, . ..) denote tensors on the spacetime manifold M and let Latin indices from the middle of the alphabet (i}, ...) denote
tensors on the spatial hypersurface .

Now, if u and v are sections of a rank-(m, n) tensor bundle over X, we define an inner product as

_ ko Kol iy e
(u,v>—fz)’njl-~yinw' Lyt k0T e e, e 2

where 1, is the volume form / det gdx' A ... Adx". We will occasionally abuse this notation and use u, to simply denote / detg, though it

will be clear from th context when we do or do not include the measure dx' A --- A dx.

We will denote the covariant derivative with respect to the metrics g and y as V and V[y], respectively. We will use this type of nota-
tion when referring to other metric-derived quantities, such as the Riemann curvature R and R[y], but will often still explicitly specify the
Christoffel symbols as I'[g] and I'[y]. We will occasionally use V[y]' to denote i-times repeated covariant derivatives.

For derivatives of the rank-(m, n) tensors u and v, we define the inner product

k£, Kkl TS [T i1eeejn
<V[V]u,V[V]v>=fzywlu-yinjny ey (VL) (VIyIo) T e 3)

The inner product for higher derivatives of u and v is defined analogously. Now, define the twisted rough Laplacian as the second-order
differential operator,

1 ;
Ay = =——V[yli(g"mVIyl))- (4)

N>

We note that the twisted Laplacian is self-adjoint with respect to the inner product (3). We define the usual covariant Laplacian as Ag
= -¢"V,V; such that Ay has a non-negative spectrum. From A}, we can define two additional differential operators, which will be key to
the later analysis. First, let £, denote the second-order differential operator that acts on two-forms h as

Loyhij = Ayhi = 28" ¢" Ry limjnhxe- 5

Similarly, let £, denote the second-order differential operator that acts on one-forms w as

Loyw; = Aga)i —ngR[y]méijwm. (6)
We note that £,,, = A, — Ric[y] is related to the Hodge Laplacian Ay = (dd* + d*d) by

Ly wi = Agwi — 2Ric[y]ml.wm

and, like the Hodge Laplacian, will also have a non-negative spectrum as Ric[y] is negative-definite. For g near y, we will then also have that
the spectrum of £, is non-negative. We will also assume that £, , has a non-negative spectrum for g near y, motivated by the fact that there is
no known compact, negative Einstein manifold for which £,,, has negative eigenvalues.” The assumption of non-negativity of these operator
spectra will be key in the later energy arguments.

For the Yang-Mills theory, we recall the setup from Ref. 1. Let P be a principle G-bundle over M, where G is any compact, semi-simple
Lie group of dimension dg. Let g denote the Lie algebra of G, and take V to be a real dv-dimensional representation of g. Because G is compact,

we may find a positive-definite adjoint-invariant metric on g. We take {(ya)", f{;l to be a basis of g in a dy-dimensional representation V
for which ,

= Tr (xaxs) = (xa)", (x8)", = Oas,
where a,b € {1,...,dv} denote indices at the level of the representation V. We will reserve Latin indices from the beginning of the alphabet

(a,b,...) for the indices of the representation V. Occasionally, we will suppress these indices and simply write the Lie algebra-valued k-form
A%, as A, where A is then understood to be a dv x dy real matrix. With this choice of metric, we may define a gauge invariant inner product
on g. With A and B both Lie algebra-valued (m, n)-tensors, we have an inner product given by

k0 Kol iy ieeiin
<A,B)=fzyf1jl-~-ywny"--~y A BT e ?)

Note that A and B must themselves be gauge covariant objects for the inner product (A, B) to be gauge invariant. We may also extend this
definition to the derivatives V[y]A and V[y]B in a fashion identical to (3).
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Finally, we will have a connection 1-form on P, which for the chosen basis and representation we will denote as A%, = A* pudx’. From A,
we may define the Yang-Mills field strength as

E = 04A,, - 0,A%, + [A,A]" (8)

buv’
where [, ] is the Lie bracket of g and corresponds to the usual matrix commutator in the representation V. Note that we fix the Yang-Mills
coupling constant as unity since we are working at a classical level and thus do not allow running of the coupling constant. We also note
that A is not gauge covariant, though we may construct a gauge covariant quantity by subtracting from A another g-valued 1-form. We also
emphasize that we will view A as a perturbation of the background geometry, which is a solution to vacuum Einstein’s equations.

Using the various inner products defined above, we may define the L*(X) norm of a tensor v by v 2 = (v, v)l/ 2, where the appropriate
inner product is used based on the particular type of object that v is. The L*(Z) norm will be especially important, as we will conduct our
analysis in the Sobolev spaces H', where we fix s > n/2 + 1. The choice of such s ensures that we have the embedding H*™' (Z) - L*(Z),
where the L norm of a generic Lie algebra-value rank-(m, n) tensor v is given by

1
_ . kb Kkl @ By-..iy b Jieeejn 2
lvfl = = SUP\ Vi -+ i ¥ VN Ve Ty

and is defined analogously for the other types of objects we have discussed.

A. Gauge fixing of evolution equations

In this section, we will discuss how we construct the Einstein-Yang-Mills system and the gauge choices that we must make to study the
evolution of the geometric variables. This is largely an overview of the construction of the Einstein-Yang-Mills system presented in Ref. 1.

As we work in the ADM formalism, we foliate M by spacelike hypersurfaces X; and decompose the vector field 9; on the manifold M
into components orthogonal to and parallel to X, writing

Oy =Nn+X. (9)

Here, the shift vector field X = X'd;, is a section of the tangent bundle T=;, while the lapse function N controls the normal distance between two
constant t hypersurfaces. From this decomposition, we may write Einstein’s equations in the form of evolution equations for the Riemannian
metric g and second fundamental form k of X;. We denote by 7 = try (k) the trace of the second fundamental form. The quantity 7 is the mean
extrinsic curvature of X; as a surface embedded in M and will, under suitable assumptions, provide us with a natural time function. We note
that, because the Milne universe model that we are considering is expanding, we have 7 < 0.

As we will consider a matter source in Einstein’s equations given by a Yang-Mills stress—energy tensor, we will also wish to decompose
the connection 1-form A and field strength F into components parallel to and orthogonal to the hypersurface ;. We do so by writing

Aab = Auh 7g(Aab,n)n, (10)
F”h:S“b®n—n®€“b+Fﬂb. (11)

Here, A%, and £ are Lie algebra-valued one-forms, with £7;; being the components of the electric field. Meanwhile, F*;; = 8,A%,; — 0;A%;
+[A,A]",; is a Lie algebra-valued two form on %, related to the magnetic field. The value (A%, 0,) is denoted as A%;. After performing
this splitting, we find a system of evolution and constraint equations for the quantities (k,g, &, A); see Egs. (26)-(31) in Ref. 1. However, to
obtain a hyperbolic system of evolution equations, we need to make an appropriate choice of gauge. In particular, the system of evolution and
constraint equations leaves us free to make choices of N, X, and a quantity related to A%j.

We will fix the gauge variables N and X that arise from the ADM decomposition using the constant mean extrinsic curvature spatial
harmonic (CMCSH) gauge. We first set the mean extrinsic curvature 7 to be constant on each leaf in the foliation of M, thus enabling 7 to
serve as a time function. To make this choice of time function, we must know that the spacetime M admits a constant mean extrinsic curvature
(CMC) hypersurface. As discussed in Refs. 28-31, not all spacetimes will admit such a hypersurface. Fortunately, the background spacetimes
(1) that we use do admit a CMC slice, which is verified through explicit calculations and which follows from the results of Ref. 32 on the
existence of CMC slices on small perturbations of Milne geometries. To this extent, we note that, as seen in Secs. IV and V, the elliptic and
energy estimates that are needed in the results of Ref. 32 have the Yang-Mills data of the same or of higher order as the gravitational data,
allowing the results to pass through in the small data regime without additional modifications to the argument.

Keeping this in mind, simply setting the mean extrinsic curvature of the perturbed spacetimes to be constant on each spatial slice, with

8,‘T = 0,

seems to be a reasonable choice. In particular, we will take # = 7. Explicitly computing 97/0t from the definition 7 = try (k) then yields an
elliptic equation for the lapse function N; see Eq. (34) of Ref. 1. To fix the shift vector field X, we utilize the spatial harmonic gauge, which is
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the requirement that the tension field vanishes, i.e.,
k_ k k
4 :gj(r[g] ij—r[y] ij) =0 (12)

Taking the time derivative of V* in the spatial harmonic gauge and imposing the constraint on Vk obtained from the Codazzi equation, we
may obtain an elliptic equation for X; see Eq. (37) of Ref. 1. We note that in the spatial harmonic gauge, the twisted rough Laplacian A} will
take the simplified form,

= =g""V[ylnV[yla + V"Vyln = =g""VIylnV [y]n (13)

Finally, we must fix a Yang-Mills gauge variable. We define ¢ € g to be ¢, = A% — A%;X' to be this gauge variable. We do not directly use
the temporal coordinate of the connection 1-form Ay as it would require a higher regularity than ¢, and thus, the later energy arguments
would not close. To obtain a constraint on ¢, we adopt the generalized Coulomb gauge, given by the condition

&V [Yi(4; -A)) = g'Vy 1i(Aj-A)) +g" [, (A;-A))] =0 (14)

Here, V4 [y] is the gauge covariant derivative with respect to the smooth background connection 1-form A. Taking the time derivative of (14)
and imposing the constraint on V& obtained from Gauss’ law then yield an elliptic equation on ¢. The full set of evolution and constraint
equations is given in Sec. 3 of Ref. 1, though we do not present them here as we will, in Sec. IIT A, give a scaled form of the equations; see
(20)-(26).

1. Shadow metric condition

Ifyo € £,_y),, is the background metric near which we perturb to get the dynamical metric g, we will not, in general, have that g also
liesin&,_;y,,2. However, as we wish to study the stability of M, we will need to study whether the dynamical metric g converges to an element
of € (1) /- For this, we present the shadow metric condition, introduced in Ref. 2.

To begin, we must introduce the concept of the deformation space of a fixed metric yo € £,_;) 2. First, define the set S), to those metrics
g € M such that the identity map (M, g) ~ (M, y,) is harmonic. This is equivalent to the tension field of g and y, vanishing, i.e.,

Sy = {g e Ms |gij(r[g]§ - r[yo]kij) - O}'

Hence, Sy, will be the set of metrics that satisfy the CMCSH gauge condition. We have that S,, defined in this way is both a submanifold
of the space M close to y and a slice for the diffeomorphism group that it is invariant under isometries of y,; cf. Refs. 2 and 33. With Sy,
we may define the deformation space of y, as follows: let V< &, _,) ,» be the connected component of y, and S, be the slice defined above.
The deformation space of y,, is then defined to be the set A" = VN S),. Throughout the remainder of this paper, we will use A to refer to the
deformation space of fixed yo € £,_,),,2 and y to refer to a general element of N.

The deformation space of y, is thus the set of background metrics, which we expect the dynamical metric g of Einstein’s equations to
converge to, namely, they are the negative Einstein metrics that preserve the CMCSH gauge condition. Note that by Theorem 5.26 of Ref. 33,
we may find a set of coordinates such that y € £, _,) . is smooth. It is thus reasonable for us to assume that N c Ms has a C* topology so
that we may smoothly evolve metrics within the space.

By the discussion in Sec. 2.3 of Ref. 2, we have that the formal tangent space T, N for some y € N is given by

TyN = {heSym*(2) [h=h"T + Ly}, (15)
where Sym?*(Z) is the set of symmetric rank-2 covariant tensors on 2, Wl is a transverse-traceless tensor with respect to y, and Yl'is a vector
field that solves M- . )

OV);(Lyrp)” =K (T, = Tyo) ) (16)

with DV being the Fréchet derivative of the tension field V¥ = yij(l“[y]kij - I‘[yo]k,.j) taken with respect to y. It turns out that A is a finite-

dimensional submanifold of M5, and S0 we let {g*}3m ¥ be a set of local coordinates of AV. If y € A, then we may construct a basis for the

dim N
formal tangent space T, A\ as { Oy, } L For an arbitrary Riemannian metric g € My, we can define the L* projection with respect to the
a=

04
< > f "yigy o M (17)

With this inner product, we can state the shadow metric condition as follows: if g € M and y € N, then y is a shadow metric of g if

metric y as

6y>
s =0 18
<g y@q , (18)
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foralla € {1,...,dim N'}. By Lemma 4.3 of Ref. 2, we have that this shadow metric condition will always be uniquely satisfied by some y € N
for g € My in a sufficiently small neighborhood of y,.

Geometrically, we may view the shadow metric condition as being that u := g — y is orthogonal to the deformation space N or equiv-
alently that y is the projection of g onto M. Indeed, the evolution of g will be entirely determined by the horizontal evolution of y and the
orthogonal evolution of u. As y will evolve within the deformation space N, then to see whether g converges to a point in N, it will suffice to
study whether the orthogonal component u vanishes. In light of the view of y as the projection of g, we note that the shadow metric condition
(18) will give us an estimate of the time evolution Oty of the form

|0ryl < C[[Org] > < COrg - (19)

if g lies in a suitably small neighborhood of y,. Here, C > 0 is a constant depending only on the background geometry, and the norm of Oty
is arbitrary as y, and hence Jry, lies in a finite-dimensional vector space. We also note that, if Ly, 5, has a strictly positive spectrum, then
N = {yo}.? This will not, however, affect our analysis as we may still trivially bound 87y = 0 by C|drg| ;-1 > 0.

Finally, we remark that one may also wish to define a similar condition for the analogous quantity in the Yang-Mills theory, namely,
the connection one-form A. However, unlike the deformation space of metrics, the deformation space of connection one-forms, which we
denote as A, is not, in general, well-understood. In fact, as even the topology of A is unknown, we cannot hope to perform an analogous
decomposition to the dynamics of A and study whether A will converge to a non-vacuum solution of Einstein’s equations. Since the vanishing
of the Yang-Mills curvature form F will yield a solution to the Einstein-Yang-Mills system, we will perturb the connection one-form A about
the fixed flat background connection A = 0 throughout the rest of this work.

lll. RESCALED EINSTEIN’'S EQUATIONS
A. Rescaled elliptic and constraint equations

We follow Ref. 2 in rescaling the system of evolution and constraint equations in the CMCSH and generalized Coulomb gauges to
obtain a system of equations describing the behavior of dimensionless quantities. However, unlike the vacuum Einstein equations studied
by Andersson and Moncrief, we will find that the Yang-Mills matter source blocks the rescaled system from being fully autonomous. The
rescaling will, however, ensure that all factors of 7 only appear alongside the rescaled Yang-Mills variables £ and F = dA + [A,A]. This is a
consequence of the Yang-Mills matter field not being scale invariant in # + 1, with n > 4, dimensions and physically can be thought of as the
hyperbolic structure of the spacetime dispersing the matter source and causing the Yang-Mills field strength to vanish as 7 — 0. We note,
however, that in 3 + 1 dimensions, the Yang-Mills equations are conformally invariant.

As in Ref. 2, we will take 7 = trg (k) to have dimensions of (length) ™' and the spatial coordinates x' to be dimensionless. For the quantities
derived from the geometry of X, namely, (k, g, N, X), we obtain the scaling

[g] ~ (length)z, [k] ~ (length),
[N] ~ (length)®>,  [X] ~ (length).

Because k has an implicit dependence on T as its trace, we will want to, instead, study the evolution of the traceless part of k, which we will
denote as k. Explicitly, we let k = k — (7/n)g such that tr, (k) = 0. Observe that we still have [k] ~ (length).

To determine the scaling of the Yang-Mills variables (&, A, ¢), we impose the condition that the gauge covariant derivative V*[g]
= V[g] + [A,-] should remain scale invariant. This then gives us the scaling

[Ai] ~ (length)’,  [£] ~ (length),  [¢] ~ (length)™".
We also note that [F] = [A;] ~ (length)°. Knowing how each of the quantities scales with length, we can redefine the variables as

¢—1g ko1t'kk N-oTN, X-1'X
A = A & - 1€, o1 "9,

where new (k, 2., A,N, X, 9) are all dimensionless quantities. We will finally remove the explicit 7 dependence by defining the dimensionless
time coordinate T by
T=-In (l ),
To

where 79 € (—00,0) is some arbitrary reference time. This allows us to write in the rescaled Einstein’s equations 70; = 97 and 7 = Tge™’. We
also note that, because 7 € (—00,0), we have that T € R, and in particular, as we evolve forward in time such that 7 — 0, then T — oo.
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Substituting the dimensionless variables (k, 2.E, AN, X,9,T) into the evolution and constraint equations given in Egs. (46)-(51) of
Ref. 1, we find the system of scale-invariant evolution and constraint equations to be as follows. The scale-invariant evolution equations are
given by

OrA%y = -NE, — Bi9” ), — [Ai9]%, - XjV[Y]jAabi - Aaij[)/]in» (20)
OrE"yi = —(@ - 1) i+ (VN)F' + N(V,F% - viC%)

~N[F, A7, - [E09)", — X Vi€ — E%ViX" +2NK/E, ), 1)

Orgij = —%(n - N)gi + 2N7€,7 - Lxgi, (22)

Ork; = —(@ + 1)75,; - %gzj +ViVN - N{Rz‘j -~ ZEkEjk}

2 2T

1
- T0€ N{guhigbaj - gkzFabithajé - ﬁgkegabkc‘:haegg

1 km fn N
_— F* amngii ¢ — Lxkij. 23
+ 2(n - )g g bke g;} X Kij (23)

Here, a;j and C*, are defined as
1
aij = E(Vivj +V;iVi),
. _
C =g"V" [y]i(A%; — A%))
and must vanish for the evolution equations to be hyperbolic, as is the case in the chosen gauges; cf. Sec. 3 of Ref. 1. We note that the first
term in (21) will, to leading order in the small data context we work in, vanish for n = 3. This ultimately will prevent the subsequent energy
arguments from closing. While this is a feature of the gauge and scaling choices made earlier, in Sec. VI, we give an gauge-covariant argument

as to why an energy estimate will not be sufficient to obtain the desired global existence result in n = 3 spatial dimensions.
Meanwhile, the elliptic equations for the gauge variables take the form

-2, 5 - i
AgN + (|k| + = + 1136 ZTgMS bk(‘: a0 + ﬁe ZTngg F*ymF ag,,)N =1, (24)
AX'-R X7 + Ly V' = =2k"V ;N + (1 - f)v’N — 275 T NG g T F €4
n
+ (VB + 2 2vIxt) (Xlg 4 - TOT ) + g0 y) (25)
8 81 jk Y1) *8 OrtiY] je
gVl VIylie, + ' [Ai - A Vigl", + g ViNEY, - Ng'[A1E ],

+ &AL NE 1, + g7 (gl - Tyl INE e - X'V )i Y [y1i(A%; - %))
- X[yl [Ria; - A +g’]V[V]-XkV[Y]kA“b1+g’jV[y]'A“ka[y];Xk
+ g A" YV [ X" = ¢RI A X + ¢ [A A", V] X

7o 2N i i iy a “<a
+(2Nkf+—gf—vxf—vfx)v[y]?(A bj—A%;) =0. (26)
n

Throughout this paper, we will collectively refer to the rescaled, gauge-fixed equations [Egs. (20)-(26)] as the Einstein-Yang-Mills system.
Due to the elliptic constraints, if Dy denotes the space of diffeomorphism on X and G denotes the space of gauge transformations, then the
dynamics of the Einstein-Yang-Mills system will occur on the space Ms /Dy x A/G.

Note that indices are raised with the dynamical metric g, unless otherwise specified. Recall that because we have no equivalent shadow
metric condition on A, we have fixed A = 0. However, because A — A is a gauge invariant tensor while A itself is not, we for now explicitly
write all A terms in the constraint equation for g.

Throughout the analysis in this paper, we will assume that (k,g, &, A) € H™' x H* x H™' x H* for s > n/2 + 1. From the elliptic equations,
we then immediately see that the gauge variables (N, X, ¢) each lie in the Sobolev space H**'.
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B. Small data

We work in the context of a background geometry given by a metric of the form in (1), which is a solution to vacuum Einstein’s equa-
tions. From this unscaled metric, we then have the background solution (k, g, &, A, N, X, ¢) = (0, 2 7,0,0, 21,0, 0). Introducing the rescaled
variables, this corresponds to the background solution,

(k.g, £ A,N. X, ¢ )baciground = (07,0,0,1,0,0). (27)
If we define u := g — y and w := N — n, we then will consider the data
(7€, u,EA w0 X, 9) € H 7 s H x H 7 x H x Y < B < g

to be small in the small data context we are working in for s > n/2 + 1. We will often specify this by writing that (kb u, & A, 0, X, 9) € Bs(0),
where B;s(0) is a ball of sufficiently small radius & centered at 0 in the relevant function spaces.
IV. ELLIPTIC ESTIMATES

To begin, we will recall a number of important inequalities regarding Sobolev spaces, which we will make frequent use of in the following
elliptic and energy estimates.

Proposition 4.1. Let OP" denote the space of pseudo-differential operators with the symbol in Homander’s class Si,. The following
inequalities then hold.

1. Reference 34If P OP" forr e Rand if s€ R, then P: H' — H*". That is, if f € H', then the estimate

HPfHH"' < CHfHHS (28)
holds.

2. Reference 34 Let P € OP" for r > 0, and take s > 0. Then, for f e H " and g e H™"™',

1P gl = IP(£8) = FP@) g < CIVIYIf Lo gl + 1F o] = )- (29)
3. Reference 35If s > 0, then H' n L™ is an algebra, and for f,g € H' n L™,
| £&ls < CUIF =gl + UF 121 f = )- (30)
In particular, with the embeddings H' — L* for all s and H' — W = L™ for s > n/2, then if s > n/2,

| f&le < ClILF e gl (31)

An important case of Proposition 4.1.1 is V[y] € OP', for which we have the estimate |V [y]f |, < C| f
of—although not always explicitly—inequalities of Minkowski and Holder when necessary.

Now, we will obtain estimates for the small gauge variables w, X, and ¢. This, however, will first require an estimate on the tangential
velocity J7y, given in the following lemma.

- Moreover, we will make use

Lemma4.2. Lety € N be a metric satisfying the shadow metric condition (g — y) L N and for which ||g — y
8> 0ands>n/2+ 1. Then, the vector field Ory satisfies the estimate

w) (@

for a constant C depending only on the background geometry.

¢ < O with a sufficiently small

HH! + ”X

Joryl < c{(1 + Ju i) + [

v} (32)

HH(1+ |w

Proof. Recall (19), that is, from the shadow metric condition, we obtain an estimate for the time evolution d7y of the form

|0ryl < Clorg

H:—l.

In the evolution equation for g, we write the Lie derivative Lxg in terms of u = ¢ — y and y as
Lxgy = Lxuy + Lxyy = X V[ylews + upV[y]iX" +upV[y]iX + V[y)iX; + VIy];X.
We then have from the evolution equation for g and Minkowski’s inequality that O7y satisfies the norm bound,

[0ryl < C{ Jue] -1 + o]

wr+[F

+ Koo+ IXV Il + N (1K + 911X

Hsfl
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where the positive constant C = C(n, |y|, ... ) depends on the background geometry only. Applying the inequalities from Proposition 4.1 for
s—1>n/2, we obtain

[0ry] < C{ll s Nl s + Nl + [R] oy + R @l
X et |9 09Dl ypor + I TYIX g s + IV 91X}
< {1l sl s + Nl s + R+ 7] Tl
X el 4 1Kt + 1T

Using the embedding H" — H® for s; > s;, we obtain the desired estimate.

We now study the perturbed lapse function w = N — n, where we will use the proof of a similar result from Ref. 36 to show that w satisfies
the following second-order estimate.

Lemma 4.3. Fix s> n/2+ 1. Let Bs(0) be a ball of sufficiently small radius 8 containing (k,u, &, A) that satisfy the Einstein-Yang—-Mills
system. Then, the lapse gauge variable w = N — n satisfies the estimate

2
- + A

7012 -2T
@l < C{ [k + e (€]

gs)} (33)
for a constant C depending only on the background geometry.

Proof. From Eq. (24), the elliptic equation for the perturbation w will be given by

~ 1 n-2,_ ;-
Agw + (|k|2 T T 2 e —y ) ) PP
n n-1 2(n-1)
72 N=2 2 T2 T(% 2T 52
=-n| |k + e |ET+ ———e T |F" ). (34)
n-1 2(n-1)

We note that the second term of the left-hand side is strictly positive, and thus, the second-order elliptic operator P = Ag
+ (|7c\|2 +1/n+ (n=2)/(n-1)15e > TIEP + 13/ (2(n—1))e? T\F|2) Id has a definite sign. As shown via contradiction in the Proof of
Lemma 5 in Ref. 36, such an operator will satisfy an estimate of the form |w|| e+ < C||Pw| 1 for any s > 1. Since we have assumed through-

out that s > n/2 + 1 > 1, we thus have such an estimate with Pw. Using the expression for Pw in (34), we then may bound the Sobolev norm of
w as

o]

HS+1 S C‘

7n(|’k\|2 +

< c{||%|

-2 5 _ 72 _
n Tée 2T|5‘2+ 0 e 2T|F|2
-1 2(n-1)

n
2
2.}

2
(L+]A]

Hs—l

re e SR+ T

< C{ [k + € TNE s + €774

2
w)}
Because we have taken (k, A, £) € B5(0), we may absorb non-leading order terms into the coefficient C by redefining C — (1 + 8)C, i.e.,
|l < Cllkl s + Ce ™[ € 3 + Ce 2T A3 (1 + 6)°
72 -2 2
< Clk| gt + Ce™™ | €] |A 7
2
o)

< C {3 + el
We note that, as we will study the Cauchy problem and thus take initial data at some Ty, we may bound e™" < e™ ™, which may be absorbed
into the constant C. However, if terms of the form e’ were to appear, our subsequent energy estimates would fail as these exponential terms

2 7 =2T
! +Ce ‘

2
-+ Al

would prevent us from finding a decreasing bound on the total energy. Since e”” terms may neutralize such terms, we will keep, for now, all
terms of the form e~" with their leading order Sobolev norms.

While the elliptic differential operator for w has definite sign, those appearing in the defining equations for X and ¢ do not. This means
that, in general, the elliptic operators acting on X and ¢ will not have a trivial kernel and thus will exhibit a Gribov ambiguity.”””* Geomet-
rically, we can view this degeneracy as a breakdown of geodesic normal coordinates on the gauge-fixed spaces of Riemannian metrics or
connection 1-forms as follows.

Let us consider the shift vector field X. After fixing the spatial harmonic gauge, the dynamics of the metric evolution occur on the space
Ms /Dy, where we recall that Dy is the space of diffeomorphisms on X. However, the elliptic equation defining X is derived from requiring
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that the spatial harmonic gauge condition is preserved over time, i.e., 97 V* = 0 for the tension field V¥. Since geodesics on the gauge-fixed
quotient space M3 /Dy must preserve the spatial harmonic gauge condition, we then have that the uniqueness of geodesics will be determined
by the uniqueness of X defined in (25). In other words, looking at geodesic normal coordinates, we will have a neighborhood Bs(y) of a
metric y € Mz /Dy such that the exponential map used to construct geodesics is injective, which in turn corresponds to the injectivity of
the differential operator in (25) that acts on X. However, for g € (M3z/Dy)\Bs(y), there will not be a unique geodesic between y and g,
corresponding to the aforementioned Gribov ambiguity and breakdown in injectivity of the differential operator defining X.

An identical reasoning ought to hold for ¢ with the space of connection 1-forms A, although, as the topology of this space is unknown, we
can only draw parallels. We see from this geometric view that we will want to restrict our focus to neighborhoods in the spaces of Riemannian
metrics and connection 1-forms on which the elliptic operators defining X and ¢ remain injective, which we may freely do as we are working
in the context of small data. The following lemma gives the necessary bound for the shift vector field X. We give the full proof, following the
derivation given in Refs. 5 and 36, as we will use a similar method to subsequently estimate ¢.

Lemma 4.4. Fixs>n/2+ 1. Let Bs(0) be a ball of sufficiently small radius & containing (75, u, &, A) that satisfy the Einstein-Yang—Mills
system. Then, the shift vector field X will satisfy the bound

2t A

Xl < C{ [

2T 2 2 —4T
o P lulle + e (N + [All) + e (€

W) (35)

for a constant C depending only on the background geometry.
Proof. Recall that the elliptic equation for X is given as
S . — 2\ . _ o
AX' R X7 + Ly V' = 2KV ;N + (1 - ;)V'N —215e NG g T F €04
7 ik j ok i i jk i
+ (VK" = 29X (T[] - T o) + 8™ 0nT [y e

It is necessary to then demonstrate that X' — A X' + 2v/X*(I[g]’ K [y i)~ R';X’ + LxV'is an isomorphism of function spaces H**' and

H*'. To do so, we will consider the flow of X along the pull-back of the tension field, which, in the CMCSH gauge, will vanish.
Let v, be the flow of X, and consider the pull-back of the tension field V". As the difference of connections transforms as a section of a
suitable vector bundle, this gives

* i * —1\Jk * i * —1y\Jk * i * i
(V') = () (v el -t = (vie ™) (lvs gl s - Tlwsy) ).
We may then compute the Lie derivative of V* along X as

i_g %y b\
(LXv) = ds(%v)

s=0
—1\ ik i i I
= (Lxg™")’ (F[g] x— Tyl ]-k) + Egj g (~Ve(Lxg) jo + Vi (Lxg) ek + Vi(Lxg)e;)
L ki
-3¢ v (=V[e(@xy) e+ VIV1i(Lxy)es + VIyIe(Lxy)e;)-
Expanding the Lie derivative on the right-hand side with (Lxg); = ViX; + V;X; and (Lxy); = V[y]iX; + V[y];Xi, we then find that

AX' = R+ LV 4 20 XN (T[] - Ty] ) = AlX' = gRIy)', X, (36)

The operator acting on X on the left-hand side is P, and the operator on the right-hand side now has a definite sign. Hence, to show that P is
an isomorphism of function spaces is to show that the mapping Pg, : X' + A%Xi - §*“R[y) kjeX / is. As the Cauchy hypersurface is compact
and Py, is second-order elliptic, then it will suffice to show that P, is injective in order to show it is the desired isomorphism.
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Suppose, for the sake of contradiction, that P, is not injective. We thus have a non-zero Z € ker Pg,. We may the integrate
yiiZ' PgyZ’ = 0 over the Cauchy hypersurface 2, yielding

0= /Z (-7ig"“ 2V YLV 112 - ying Z"RIYY 02 ) 1y
- fz (vig“ VU2 VIY)eZ' - ying 2" RYY ;02" )
= [V OUZTZ + py (e -T2 V2
- YimYkZZmR[Y]ikaZj = Yim (gkz - Yke)ZmR[)’]ikjer) Hy-

With |4 ;- taken to be sufficiently small, we have that the second and fourth terms in the integrand are dominated by the first and third terms.
Furthermore, because y** R[y]ik]. . =R[y]' j
integrand as a whole may be taken to be non-negative, implying that Z must be 0. This yields a contradiction, and so we must have that

ker Py, = {0}. Hence, P, is injective, and because P = Py, by (36), we have that P is injective and thus an isomorphism of suitable function

is negative-definite, we have that the first and third terms of the integrand are positive. Hence, the

spaces. By elliptic regularity, we have an estimate of the form || X| 1 < |PX| 1. Using the result of Lemma 4.2, it then follows that X will be
controlled by
X i1 = €y = yollp + ul ) (1 + ) } < CO+ -] ) @l
7 2 o
+C(1+ ol ) { K] o [l + 70 TN €] }

+ C(lly = yollp + o+ [0l ) + (1L @] )[R

) {1+ Jul ) )

Note that ||y — yo = < C for constant C depending only on the background geometry. Hence, with sufficiently small |u
estimate for w from Lemma 4.3, the shift vector field X is controlled to leading order by

¢ and using the

2T 2 2 —4T 2
Ix et e T (E P + AL + €T (IE 2 + A

2 \2
)}
We now give a bound on the norm of the Yang-Mills gauge variable ¢. As previously mentioned, the proof will be similar in structure to

that of Lemma 4.4: we will consider the pull-back of the generalized Coulomb gauge condition along the flow of ¢ and compute its derivative
at s = 0 to find a form of the elliptic operator of interest that can then be shown to be an isomorphism of function spaces.

At

o < c{[F

H™

Lemma 4.5. Fix A=0 and s>n/2+1. Let Bs(0) be a ball of sufficiently small radius 8 containing (k,u,&,A) that satisfy the
Einstein-Yang-Mills system. Then, the Yang-Mills gauge variable ¢ will satisfy the estimate if A = 0,
) (€ I + 14l )

Zs)z}, (37)

7112 2 2 2 —2T
gt < C{ R + Jullp + 1€ + A + 77 (I1€

gt ”A

lo

+e AL (€2 + A

e
for a constant C depending only on the background geometry.

Proof. To begin, we will show that the mapping P: ¢ gijv[y]?v[y]?(p +¢[A; - A, V‘?(p] is an isomorphism of suitable function

spaces. Let y, = ¢*¥ be the one-parameter subgroup of the Lie group G corresponding to ¢, and take Q = §'v [y]?(A i—Aj).
As the difference of two connections will transform under a gauge transformation as a suitable section of the associated V-bundle, we
have that under a gauge transformation G, Q will transformas Q@ » GQ G -1 Taking G to be y, 8 and differentiating with respect to s,

d

s —si d ij s xT —s iir SQx _—sp s < —si
ds(e"’Qe ?) _ = —(g"VIylie?(Aj - A))e " + g/ [eVAie ™, e (A - Aj)e])

=0 ds
[0, Q] =" Vylilg»A; - A;] +§"[[p. AL, Aj - Aj] + g"[Ai [p,Aj — Aj]].

s=0

An explicit computation gives

(9. Q) = P+ {VIYITVIyIfo + [Ai - A [A). 011}, (38)

and so in the generalized Coulomb gauge, where Q = 0,

Po’, =& VY VIyTie®, + &' [Ai - Ai [A ) 0]]" (39)
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To see that P is an isomorphism, suppose that there is a non-zero ( ekerP. Integrating the gauge-invariant inner product
¢ P, = 0over 3,

0= [(FDIVHIE, + /¢ (- A [A,00T,)
) fz(_yljv[y]?(hav[yﬁi“b (&7 Y)WV I,
' Yij(ha[A,- -4 [Zj’(]]ab + (gij - Yij)(ba[Ai -A, [Zj’(]]uh) Yy-

Now, with 4 = 0, the third and fourth terms will drop out. Meanwhile, with |u/,; small, the second term can be taken to be smaller in
magnitude than the first. Since the first term is negative-definite, we have that the integrand as a whole will be non-positive. As such, we must
have { = 0 for the integral to vanish.

We conclude that there can be no non-zero { € ker P, and so since P has a trivial kernel, it must be injective. As ¥ is compact and P
is second-order elliptic, the injectivity of P gives that it is indeed an isomorphism of H**' and H*™'. Hence, having established that P: ¢
> gljv[y];“v[y]‘;-‘<p + ¢'[A; - A, V‘;-\gv] is an isomorphism between function spaces, it then follows by elliptic regularity and the inequalities
outlined in Proposition 4.1 that

@]l e < C{HSHHS_I ] geer + [|A] e (1 + @] e ) (I €

+ (14 [ulg) Al

w+ |

)

X|

o ) (40)

B
Using the estimates for the lapse function perturbation w and shift field X from Lemmas 4.3 and 4.4, the desired estimate for ¢ is then obtained.

Finally, because the deformation space A is not, in general, trivial, recall that we may decompose a tangent vector field to the shadow
metricas dry = h' 1 + Ly y, with Yl in general, being non-zero. It will turn out that we will require an estimate of the sum X + Y/ to complete

the energy estimates in the gravitational sector due to a term of the form L, ,,1y. We present a bound on the Sobolev norm for X + Yl below
using the result of Ref. 2 that a particular second-order differential operator is indeed an isomorphism of function spaces.

Lemma 4.6. Fix A=0 and s>n/2+1. Let Bs(0) be a ball of sufficiently small radius 8 containing (ku,&,A) that satisfy the
Einstein-Yang-Mills system. Let Yl bea vector field satisfying (16). The sum X + Y/ will then has the norm bound,

2 -2T 2 2 —4T 2
[ x+ Y] 2 (s + [ALZ) + e TE P + A

) (41)

o+

< c{||%

HS+1 -

for a constant C depending only on the background geometry.
Proof. Define the second-order elliptic operator Pgy : X' > ASX' — gkeR[y]ik X J, Similarly, let P,y be given by
i ke i ke i j
Pry: X = =y VIyIkVIy]eX =y RyT X

As discussed in Sec. 2.2 and Lemma 6.1 of Ref. 2, we have that P, is an isomorphism of suitable function spaces, and when applied to X + y!
gives

Py,y(x" + Yi‘l) =2k ;N+ (1 - %)v‘N - 213¢ 7 Ng g F € oy + 2K (Tg) - Ty)' )
+ (" =y Y] o + (€ = V"IV V] X + (8" = y"RDYT, X

Using elliptic regularity and the product estimates for s > /2 + 1, we have that X + Y/ is bounded by
[x+v!| . <c|pux+yh)

HH T
< ¢l (1+ [

Hs—l

)+ Clusl g {191yl + X s + X}
2T
)T F] oIl }
(U Ll ) o]yt + X g )}

(U Al + K] lale) -

Hsfl

+(1+||w

e L

< C{ o] (1 + K]

)+ Cl

-2T
+ (1t @l ) (e Al €]
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Applying Lemmas 4.3 and 4.4 then yields the desired estimate for X + vl

V. ENERGY ESTIMATES

With the elliptic estimates from Sec. IV, we may now present an energy estimate argument to show that the perturbed data will decay.
However, we first need to examine the operators Ly, ,, and £, ,,, as they will play a key role in our analysis. Recall that £, ,, is assumed to
have a non-negative spectrum and £,,,, will always have non-negative spectra. Let A, and Ae¢ denote the smallest non-zero eigenvalues of
these two operators, respectively. We will then define

AE = AC —-¢& (42)
/ly = Ag —& (43)

for some & > 0 such that Az and Ay are both strictly positive. As the spectra of £, and £, will evolve as g evolves, and hence the shadow
metric y, and the smallest non-zero eigenvalue plays a critical role in obtaining the decay of our energies, we must choose A¢ and Ay to be
smaller than A, and Ag, respectively, such that the decay we obtain is uniform. Due to the small data scenario we are working in, if we choose
a sufficiently large ¢ and sufficiently small neighborhood B;s(0) to work in, then we can guarantee that no L, or £, has eigenvalues below
Ag and Ay, respectively.

1) (1)

We now may define the first-order energy ED - E(l) + ES({M + CEF](EQ — cyT'yy;» where

Ein
EI(Ellxz = (E”E) + i(”’ Lgyu), (44)
Egw = (£:6) + (A3, 4, (A- 7)), (45)
1~
T = (ku), (46)
1 .
Iy = (&A= A), (47)
and cg, cy > 0 are constants given by
2 —
¢k = min { (Zn”_)‘f), = ! } (48)
CY:min{ jy, n;3} (49)

We will see later that the correction terms l"gg and FSV)I will be vital in obtaining a decay of the energy. We will also see that these corrections
do not impact the positive-definiteness of E due to the choice of ¢z and cy, which will be bounded from below by the non-negative Sobolev

norms of (’k\, u,E,A). As such, the decay of the energy will imply, as desired, that the Sobolev norms of (’k\, u, &, A) will vanish. .
From the first-order energy, we may construct higher-order energies. To do so, we make repeated application of the operators £, and

Qé,y to the small values (72, u,&, A) in the first-order energy. That is, the higher-order energy terms will be given by

T~ TRy

ED = ED +ED 4 e
B = (R L) + L)
B = (6.2,€) + (A-A). 2, (A- 7)),
r = (B iyu),
Q- (6.8 (a- )
With s > n/2 + 1, the total energy will then be given by
E = ZS: ED. (50)
i=1

However, we will not need to study the total energy in its entirety. Rather, due to the embeddings H" — H* for s; > s, and H* < L? for all
s, we have that the L? norms of the derivatives (V[y]'k, V[y]'u, V[y]'€, V[y]'A) are controlled by the same Sobolev norms as (k, u, & A).
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Indeed, higher-order energies will only additionally contribute terms at higher-order in the small data due to the need to commute derivatives
and apply Proposition 4.1.2. With this in mind, to study the leading order behavior of E;, we see that it will suffice to estimate E by the
appropriate small data norms.

We will denote Egin = Y5, E}(Elg and Eym = Y54 E;?A and have, by the immediately preceding discussion, the equivalence

2
H

S P N [T A

EEmNZ HV K|

Buvi~ Y HVM”*‘SH; [ VITALL ~ 1€ e + 1A
i=1

where f ~ g if there is a constant C such that C™' f < g < Cf.
To begin our analysis, we will estimate the time evolution of the energy and show that, to leading order, the energy must decay. It will be

convenient to study the gravitational and Yang-Mills system separately, so we compute that the time derivative of EEm is given as

im_jna 77 1 im_ jn
8TE](311H) zfz)’ y" Orkizkmn ptg + 5[21’ ¥ Oruiii Lo.ytimn pig

Typelg;,
lfy"myj"ui'[fhll Yot
4 s y &Y 4
Type Il
im_ j i 1 im_ jn
+2 fE Ory™y" Kk g + - fE Ory™y"" i Lyytimn g
Type Il

1 im_jng 7 im_ jn

+ 5/2)’ y" Kiskmntrg (Org) g + f)’ y wij Lgyttmntrg (O1g) pig »

Type IV,

while the time derivative of Eg\,)[ is given by
OrEQ) = Zfzyijaﬁabigbaj g + Zfz)’ijar(A —A) Ly (A-A) g

Typelyy

[P AR 0n ) (A-D)' g

Typellyy,
+ /ZaT)’Ugabigbuj Mg+ /ZaTYij(A - Z)abiﬁg-V(A - Z)buj Hg
Type llly,,
+ %‘/Z)’Ugahigbajtrg(aTg) Mg+ %fz)’ij(f\ —A)" Ly (A - Z)bajtrg(aTg) Y -
TypelVyy,

Meanwhile, the time evolution of the correction terms Féuz and I‘(l) will be given by

1 [ o ine —~ 1 [ o e
9,1 = 7f I O et ff R O
ThEn = ZY Yy Orkiju Mg*’n ZY Y KijOrUmn Pg
2 im_ jnys 1 im_ jngs
+ ;/};8]”)/ Y kijtimn pg + %/Zy Y kijtimntry (Org) pg»
ij a 1 ijoa
orTy) = fZY] OrE iAo g + - fz Y E LOrA” o g

1 iiva b 1 iica 4b
+ ;fzawjg biA aj g + Efzng b ajtrg (Org) phe
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The time derivatives of the small data (k,u, &, A) are given by the evolution equations for (k,g,& A). In particular, with the time derivative
of the background metric y—an element of the vector space T, N'—able to be decomposed as in (15), we find that the time evolution of u is
given by

Oruij =2(w+n)Ej—hTT|| = X"V [y]mui + }',.(jl), (51)
m m 2
FiP = ;wuu =~ timV[yLiX" — umVIyLX" + ~ @y = Ly, i (52)
where the principle terms that may be problematic for regularity and the leading-order decay terms have been separated from the remaining
terms F i(jl).
It will also be convenient to separate out such terms in the evolution equations for k, &, and A. Doing so, we write the evolution equation
for k as
-~ ~ 1 m - 2
drky = —(n— ks — - (w + ) Loyuy ~ X" V[yluky + F 7, (53)

n—

2 ~ = m 7 m
FO = P20k R VY BV )X
VI - 58" (T itin + T3]t = T [31oity) V[l

77 - e s )}

+r§e_2T(w+n){€“h16 aj F blkF aj + (2( )

- g2(”ij+)’ij)+(w*'”){2751'1;1.(\]"(—]ij}, (54)

Ji= = (u,gu "RIY) i + wjed™ RY) )

mn_k 1
+ g y Z{V[y]junkV[y]euim + V[ylitiemV [ylxttjn - EV[V]junkV[)’]in
+ VY itV [y latt i~ v[y]muiev[y]ku,-n}. (55)
For A, we have
OrA®y = —(w+n)E% - XIV[y] jA%: + F %, (56)
FO% = —Vlylig", - [Ang]", - A"V [y]ixX’. 57)

Finally, for &, we write the evolution equation in the form

OrE i = —(n=3)E% + (@ +n)Lgy A"y — X V [y + F Dy, (58)
a n-2 a j a a a
F D% === =we i+ g V] jo(VIYIA w — VYL s + [45 A,
+ &% (200 + mki’ = VX)) - [E19)", + (0 + 1S, (59)
§% = gimg” Vy]ig™ (VYA s = VIy]eA%w + [Ar Acl®y)
V[V]jgje(V[Y]iAabe = V[yleA%s + [Ai Ae]",)
+¢"(2[V[y]jAn Al + [An VyLiAL, - [VIY)iA); Al),)
- [[An A A + VIV (& VAN - g [A 1 A - Ae]', ) (60)
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A. Yang-Mills sector

1. Time evolution of energy
Recall that we fix A = 0. With this condition imposed, we begin by estimating the type Iy terms. Explicitly, we find that these terms are
given by
Iym = 2(81‘5, 5) + Z(BTA, Qg,yA)
= 2(n-3)(£E) +2((w + n) LeyA, ) - AX'V[Y[EE) + 2(F Y, €)
= 2(@+ m)E LyA) - 2AX V[, L) + 2 F P, 2454)
= -2(n-3)(&E) - 2AX* VY& &) + 2 F W)
~2(X V[yld, LgyA) + 2( F O, 2g,A).
We see that from the choice of operator £, to act on A, the principle terms cancel point-wise. We will now also show that only (&, £) gives a
leading order decay.
First, we must handle the terms containing derivatives of £ and A in the direction of the shift X. Because the total energy is constructed
by repeatedly applying the second-order differential operator £, to the small data, additional derivatives of £ and A will be problematic as

they cannot be controlled by the appropriate Sobolev norm for the highest-order energies. As such, we must show that the terms containing
additional derivatives of £ and A can indeed be controlled by appropriate norms, a fact which will hold true due to the higher regularity of X.

In particular, using integration by parts, we may explicitly compute (X*V[y]i&, €) as

(TEE) = [YXTIIE wE s e

(X'V[IEE) = /YUX £V IYIE" s g

- [ (VI XATleY - TO ) )€ e
( Y& E) = /)’IJ ka + Xk(r[g]zkz - r[)’]eke))gabigbaj Hg>
KVIREE) = =5 [ (TIIX + XA (Tlg) y ~ T ) )E € e e

Here, we also use that the covariant derivative with respect to the background metric y of the measure ., is given by (I'[g] - I'[y] )¢ roblg- We
may then estimate the inner product as

|(XVIy&, )| < C(I9[yIX] = + X1 [T = TTy]l = ) IE 32
<C(|vlyix gl - Ty ) IE T

HS71
2
c(lx [l )€ s (61)

! + HX

Hx—l

IN

B + ”X

HH-I

where we use the embeddings H® < H*™' < L™ for s— 1> n/2 and that to leading order |T[g] - T[y]
regularity of X, we are thus still able to control the inner product.
We may perform a similar computation for the term containing a derivative of A in the direction of X, giving

gt = [[t] - Due to the higher

(x"7 [ylia, 2,a)
- _/ZyinkV[)’]kAahiﬁg)yAbaj Hg
=- fE VXV IA (V1D (" g V1A ) + & RIT" A" an 1)
= [ X T A" + XTIV A" Ty
- / VinkV[)’]kAahigemR[V]nme A an g
f Y'g" X VYV [y]nA V7)Ao pg + f V8" X Rl A"V [Y1nA" b

f Y8 [y X VYA iV [y]nA” o) pg - fE Y X Ty 1A ig " RIY]" g A an g

J. Math. Phys. 64, 062501 (2023); doi: 10.1063/5.0136619 64, 062501-16
Published under an exclusive license by AIP Publishing

4pd'6L99€1L0°S” L~ L0GZ90/¥8960081/6199€L0°G/€901 0L /10pPd-ajote/dwl/die/Bio diersqnd)/:dpy woy papeojumoq


https://scitation.org/journal/jmp

Journal of
Mathematical Physics ARTICLE scitation.org/journal/jmp

- f Y X V[V [P)mA" iV [y]nA" o) pg + f V8" X RIYI iAoV [V1nA" g
f y”g’””v[y]kaV[y]kA”bfV[y]nA oj Hg = fzy’X VyIeA b8 " R(Y)" g jA an thg

= =3 [P (V0 X + gV + g XA (XL, ~ T 1)) VYA (1A g

f Y8 X Ry kA6 O [V]nA o he

i mn k a b ij -k a fm n b
fy’ mX VYA 5V [y]aA”oj g ~ fEV}X V1A vig "R[y)" 0 /A  an thg-

Again, we use integration by parts and Stokes’ theorem on a compact manifold to move the extraneous derivative on A to one on X. Using the

same embeddings as for £, we may estimate (ka[y] kA, LgyA) in terms of the appropriate Sobolev norms. In particular, using the estimate
for X from Lemma 4.4, we get that the terms containing extra derivatives of £ and A may be controlled by

. _
(X*Vy1€, )] < ClE [ ( )
+ Ce € I (1€ Npms + AL + Cem IE I (NE N + 1A L), (62)
k ~
|(xX“VIy1iA, 2g,4)| < Clal (7] . + lule)
+ Ce A (€ 7 + [AlZp) + Ce T |AL (1€ 7 + Al 7)™ (63)

Meanwhile, using the Sobolev embeddings and the elliptic estimates for w, X, and ¢, we can also estimate the terms containing F ™ and
FO by

\(f“),g)\gcug

)

PR (64)

et AT g (el + |

p(r

2
2

+ Ce_ZT( 1€

[

o lulip ) + ClE]

2 2 \2 —4T 2
2+ AR e tTe 2+ A

(7, 2094)| < Clal (K € + AL

2ot |u

-2 2 2 2 —4T 2 2
+Ce (|€ ] + 1Al)" + Ce ™ Al (1€ [ + A

2 (65)

Note that each term in F ) has regularity at the level of A, and so we can integrate by parts to move derivatives from the second-order

operator £ ,A onto F ) and retain the appropriate regularity. Putting all the estimates together, we have that the type Iym terms may be
written as

IYM = —2(!’! - 3)”5 ”iz + RYM, (66)

where Rywm satisfies the estimate

[Rena] < CUE s + NAL (K] + Tule)
+ ClLA] g (K7 + Nl + 1€ I + A1)
+Ce (€2 + AR
+ Ce (13 + AL (67)

We will now see that, to leading order, the type Iyy terms will control the decay of OrEym. That is, the type Ilym, IIlym, and IVyy terms will
satisfy only third-order estimates. To begin, by differentiating under the integral sign and using that £, , is a self-adjoint operator for the given
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inner product, we may write the type IIym terms as
Iym = fz Y A" Or Ly A o g - /Z)’ijAubiﬂg,yaTAbaj g
d B 3 B
=ar fy_ )’lJAabngwAbaj Hg = fz VvaTAahng,yAbuJ Hg = /y: V”AubiﬂgwaTAhaj Ug
i 1 .
- fz aTVJAabiﬁg,yAbaj Hg = 3 fz VIJAahng,VAhﬂj tre(Org) pe
a0 A =2 (YA, OrAly
T 2)’ bitgy aj g — ZV bitgyOTA aj He
i 1 ;
- fz aTVJAubiﬁg,yAbaj Hg = 3 fz VIJAahng,VAhaj trg(Org) p-

Observe that the final two terms of ITyy will cancel point-wise with terms in IIlym and IVyn. We will thus only look at how to control the first
two terms in the above expression. In particular, writing out the definition of £, and differentiating under the integral sign, we have

diT fzyijA“hiﬁg,yAbaj pe = dinzYijAahi(AgAbai =8 RO " an) kg

- %fyffgke VIy kA iV [y]eA%S) *AabiR[Y]mejk )!‘g

= [orys" (TIhA VYA ~ A'WRIY]" A )Hg
+ /)’U(()Tgke V[Y]kAabiV[)’]zAhaj‘AabiR[)’] ek )yg

# 3 J & (VIR U IY)eA"s — ARIY]" Ao e (Brg) i

+2 / V'8 [0r, VYA WV [y]eA”s) g +2 / Y8 VYAV [y]e0rA” o pg
_ ny’f k4%, R e]kaTA am g — /Y” A OrRy]" zjkAbam e

= faTy]A b,ﬁgyA aj g + f)/ A’ bzggyA aj trg(Org) pg
+ fy’faTgu v YA iV [y]eA” aj — A"wR[y]" oA A% )/“‘g
+2fy ¢ [0, VYA iV [1]eA” 4 g

ij ke m b
+2[)’]A ey OrA” g g - fVJ A"yOrR[Y]" oy A am ig.

Collecting all of the type Ilym, IIIym, and IVyym terms together, we find that

1 j a
HYM + HIYM + IVYM = 2 f(z@TyJ + Yy trg(aTg))( 1 j +A biﬁg,yAbaj) Ug
i ij ke a b
+ fy’arg VYA 5 V[y]eA"s #g+2fy’ (01, V[y1k]A iV [y]eA o) g

ke b
f)’l] A btaTR ] ijA am Hg-
Using the embedding H*™" «— L for s — 1 > n/2, we then have the estimate

|HYM + Ilym + IVYM| < C{HS ”:{s—l + HA ;}{H@WH + ||8Tg
+ ClA[ [ [0r, V[y]]A

H! }

-t CHAst |OrRiem[y]].

Observe that [07, V[y]]A = (OrT[y])A because partial derivatives commute, and so we may write

[[0r. V[y]]A

s = |(DITyL9ry) - Al < CloryllA

Bl
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where (DI[y].0ry) - A is the Fréchet derivative of I'[y] in the direction of 7y, contracted with A. We may similarly write d7Riem[y]
= DRiem[y].0ry to see that |OrRiem[y]| < C||@ry|. Using also the evolution equations for g and Lemma 4.2, we finally obtain the estimate

|Tyn + vy + IVym| < C{IE 2 + |AlR )

<{|[K| e (€]

We see then that the type ITym, IIIym, and IVyy terms in O7Eym will satisfy a third-order estimate. In fact, if we increase the constant in (67),
we will have that the non-type Iym terms satisfy the same estimate as the type Iym remainder Rym. We may thus write OrEym as

o+ 2 e AR + (1€ + 14

w7 (68)

H™

OrEY) = —2(n - 3) €% + Rym,s (69)

with Ry satisfying bound given in (67) for a re-defined constant C. Note that we may write the estimate on Ryum in terms of Eym ~ ||€ ||i15_1

+ | All} and Egin ~ [K[ s + [u]7, giving us

3 1 [ _
[Rym| < C{(EYM)2 + (Egin) 2 Eym + Egin(Evm) 2 + e 2T(EYM)2 +e 4T(EYM)3}~ (70)

Remark 1. The failure of the energy estimate argument for n = 3 spatial dimensions manifests in (69). In particular, we see that the leading-
order decay term will vanish, which will prevent us from obtaining a uniformly decaying bound on the total energy (50) and hence on the Sobolev
norms of the small data. As mentioned earlier, this is a consequence of the conformal invariance of Yang-Mills equations in 3 + 1 dimensions.

Finally, we must find an appropriate estimate for the time derivative of the correction term ng)[ Using the embedding of H™" into L™

fors > n/2 + 1, we write OTF%,)[ as

or) - _(n=3) - 3 (8,4 + (2,4, A) - (£,€) + Sy 1)

where Syum satisfies the third-order estimate,

Sl 5 {1l 1€ s+ 1A Ul Al (1] [orgl)
3
+ 1€l | F O+ uAHHst(‘”!Hs_,}
2117 2 2 2
s Clelpr{ JH],- + 1ty + 1€ + 115}

+ ClEl - 1AL {

g

2
+ullp } + ClAl (lu

. o+ 1AL
+ Ce_ZT{HS ils}z + Ce_4T{||5 IZ,F-}S

3 1 1 _
< C{(EYM)z + (Egin) 2 Eym + Egin(Eym)? + e 2T(EYM)2 +e 4T(EYM)3}-

2 2
B! + HA B! + HA‘

Note that Sywm satisfies the same estimate as Ryu;, albeit with a different constant C. Putting together the two expressions for 8TE%\,)[ and

6‘T1"$31, we arrive at the total contribution from the Yang-Mills sector to 8TE(1),
n-3
8T(E3((}v)[ - cﬂ"%,)l) = —(2(7’[ - 3) - Cy)<g, S} - Cy(Qg,yA,A> + %C)&f,A) + RYM,
for a redefined Rym that still satisfies estimate (70). To show that the total energy decays, we will want to show that, to leading order, the

time evolution is uniformly bounded as OrEs < —aE; for some positive constant «. We will now see that the Yang-Mills time evolution
independently satisfies a bound of this form using a similar analysis to that in Lemma 6.4 of Ref. 2.

To begin, let Y = cy/(n—3) such that 0 < Y < 1, and define ay = (n — 3)[1 -V1- Y]. We may then write

(B - eTn) = —ar (BQ) - T ) = (2(n - 3) = oy - av)(,€)

— (cv — ay)(Lg)A, A) + %((n— 3) - ay)(E,A) + Rym.
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For the time evolution of Es((iv)[ - CYF%,)[ to satisfy the desired inequality to leading order, we must have that

—(2m=-3)—cy —ay)(E,E) — (cy —ay)(Le A, A) + %((n -3)—ay)(&A) <o. (72)

Since X is compact, £, will have a discrete spectrum. If we perform a spectral decomposition of £, we then have the requirement that
>, —((n=3)—cr —ar){(& e), (€ ei)) = (er = ar)A{(As ex), (A, ex))
k=1

+ %Y((n =3) —ay){(&E er)er (A ex)ex) <0,

where A > 0 and ¢y are the k™ eigenvalue and eigentensor of £, ,. However, we see that each term in the summation is equal to the quadratic

form
cy+ay-2(n-3) L((n-3)-ay) Y-1-V1-Y Yooy
My = oy 2n =(n-3) v 2n
%((nf?)) - ay) A (ey —ay) —E\/l -Y M(Y-1+V1-Y)

acting on (({&, ex)er, (A, ex)er), ({E, ex)er (A, ex)ex) ). Hence, we will have (72) hold if and only if M} is negative definite for each k. We may
compute the trace and determinant of M as

TrMi= (Y -1-V1-Y) - LV1-Y(1-V1-Y),

det My = (1 - Y)Y[/\k - 4712(Cny3)]

Since 0 < Y < 1, we have that Tr My < 0. Since # > 3 and cy < /Ay < Ay, we have det My > 0. Hence, each Mj, is negative definite, and so we
get the following lemma.

Lemma 5.1. Fix A=0 and s>n/2+1. Let Bs(0) be a ball of sufficiently small radius 8 containing (kyu,&,A) that satisfy the

Einstein-Yang-Mills system. Then, the time evolution of Eg;/)l - cﬂ"SV)[ is given by

-3
8T(E(Y;} - ch(YlA;) = —(2(n-3) = cy)(E,E) — cr(LeyA, A) + (n . )6y(5,A) + Ry 73)
where Ryu satisfies the third-order estimate
|Rym| < C{(EYM)% + (EEin)%EYM + EEin(EYM)% +e(Bym)” + 5_4T(EYM)3} (74)

for a constant C depending only on the background geometry and to. In particular, the time evolution of the Yang-Mills energies will satisfy the
bound

BT(ES\BI - Cyrg&) < -ay (ES\,), - Cyrg\;) + Rym, (75)
where
3
ocY:(n—3)(1— 1—n_Y3). (76)

2. Positive-definiteness of energy

Having the time evolution of the Yang-Mills sector, we also wish to show that Eym — cyT'ym is positive definite and, in particular, is
bounded from below by the Sobolev norms of the small data £ and A. Doing so will allow us to later bound these norms by the total energy,
which we will show will decay and thus force ||€]| ;-1 and | A+ to zero. We give the result of this section in the following lemma.

Lemma 5.2. FixA =0ands > n/2+ 1. Then, there is 8 > 0 and a constant C > 0 such that (k,u, &, A) € B5(0) satisfy the inequality

e+ Al < €3 (B —aTR). (77)

i=1

I
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Proof. To begin, note that (’k\, u,&,A) = (0,0,0,0) is a fixed point of the total energy Es and, hence, the Yang-Mills energy i, ES({tI\)/I
- Cyr( D Since the Yang-Mills energy is a smooth functional of £ and A, to determine if it is positive-definite, we only need to see if the
Hessian at (k,g,&,A) = (0,y,0,0) is positive-definite. The Hessian at this fixed point may be written in the form

4”(5 @il4),

D*(EQy ~ T ((E.4), (E.4)) = 2(6,45,€) +2(A, £,4) - =X (6,2},

Performing a spectral decomposition of £, ,, we then see that the Hessian will be positive definite if and only if the quadratic form

1 —cy/n
My =
—cy/n Ak

is. However, this follows directly from the construction of cy and the fact that £,,, has a non-negative spectrum. We see that TrM =1+ 1, > 0
and detM = A, — ((:y/n)2 > 0, as cy has been chosen such that ¢y < /Ay < \/Ai. Thus, M is positive definite and so, it follows, is the Hessian
of the ith Yang-Mills energy. Since this is true for all 1 < i <'s, we then have that 3°;_, DZ(E(') ’M) > 0. However, because each of the

quadratic forms M is positive definite and thus invertible, we have that 3"_, D (Es(ng/; (:yl"gM) w1ll give an isomorphism of subsets of function
spaces. From this isomorphism, we may conclude that for some constant C,

1€ 20 + A2 < €2 D (B, — T, (78)
i=1

Finally, we may apply the Morse-Palais lemma, giving that there exists a neighborhood of the origin Bs(0) such that, up to a diffeomorphism
Bs(0) — Bs(0), we have

N . R
S EW - et = Z D*(EY), - eyT). (79)
i=1

Combining (78) and (79), we obtain the desired estimate.
Having obtained an estimate on the time evolution of the Yang-Mills energy and seeing that the Yang-Mills energy bounds the Sobolev
norms of £ and A, we are now ready to study the gravitational sector and prove similar results for k and u.
B. Gravitational sector
1. Time evolution of energy

We will now study the time evolution of 8TE In particular, we will see that type Igi, terms control, to leading order, the decay of

Ein *
6‘TE£:m, with the other type terms contributing only to higher order. Many of the calculations are done explicitly in Ref. 36, with only the
estimates changing here due to the differing evolution equations and elliptic estimates. As such, we will present only the necessary equations
and estimates here and refer readers to the relevant sections of Ref. 36 for additional calculations when appropriate.

To begin, we may write the type I, terms as

Igin = 2<8T7<\,7<\> + %(atu, Eg,yu)
:—z(n—1><E%>—<<w+n>cgyu7€>— 2X"V[ylwk k) +2(F P %)
(@4 R Loyt = OB, Lgyit) = (X[t L) + (F O, Ly
= —2(n - 1){kk) - 2X"V[ylwk. k) + 2(F k)

1 1, 1
EU’TT"I&V“) - E(X V[ylmu, Loyu) + E(}-(I)Igvy“%

where we see the principle terms cancel point-wise. As in the Yang-Mills sector, we have potentially problematic terms containing additional
derivatives of k and u. However, using integration by parts, we can move the extra derivative shift field X € H**'. Doing so, we obtain

CVIRR) = =5 [y (VDI + XLl - TV ) ki
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(X7 Dyl Lot = =3 579" (Tl X" +¢ VDX + g X (VlgT' = TY') VI lewn V(31 b

ij mn 27 s s
o [y XN RO gt + ROYT 00 VI Dt

ii mn Zr ii mn ab cd s
f Yy gV [y XV [y kttin V [y ehjm pig — 2 f Yy XNV [y )ktting™ gy jsRIYT e tbd -

Using the Sobolev embeddings H*™ — L™ for s — 1 > /2, we then have the estimates

(X [y k)| < of Ikl (| ul)}
4 Of e Rl (1€ s + AT ) + €T TR (1€ L + [415)7 ), (80)
|t [y, Loy < Il (R + D) |
+C{e_2T||u 2 s + 1AL + e T ul 2 (JE€ |2mr + A gx)z}. (81)

We must also estimate the term containing the transverse-traceless K which is potentially problematic as we have no a priori bound for
K However, by an explicit calculation, as done in Egs. (165)-(172) of Ref. 36, we have that KT will be bounded by

7] < <{[R

)

L } (82)

H™

where because /" is an element of the finite-dimensional deformation space, all its norms are equivalent. This also means that we need not
TT|

worry about the extra derivative acting on u, as we may freely move it to h* " via integration by parts to achieve the necessary regularity of u.

Using the bound on ™" and the Sobolev embeddings, we have the estimate

(™, )| < Cluli {[K] - + e A€ N + 1Al5) ) (83)

[

HAl

To finish the estimates of the type Igin terms, we may estimate those containing F @ and FO 45

(FOR)| < ], (R + 1)

+ Cfe [/, 8 L + 1AL + R, (€ + 141507}, o
[(F O, Loyn)| < Clul o { IR+ 1l )

el 1 e+ 1AL+ e (1€ + AT 7). »

We note that each term in F () has regularity at least at the level of 4, and so we may integrate by parts to move excess derivatives from Lg,u
onto F ) without any issue.

It now remains to estimate the type Ilgin, Ilgin, and IVEin terms. We may do so via a similar calculation to that done Sec. V A, as well as
in Ref. 36. We thus omit this computation, giving the result as
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e + Wl + Ve = & [ (400" "5 9r)) (R + i)
im_jn ke
+*fy y"0rg V¥ )ty V [y)ethmn pg
im ]n ke
# 2 Jo Y g [0n VgV e b
im _jn Kk
- 5/” V"% ¢ Ui R[Y ke thpg -

We may then obtain an estimate for the remaining terms of

[Wgin + MWgin + Viia| < Cf [ + ] }[Org]]
< [kl + Iuli }
${[F] s+ i+ €T AE N+ 1415)
+ e TE G + 1Al (86)

Combining all the estimates and keeping only the leading order terms as we are working in the small data regime, we find that the time
evolution of E( ) is given by

OrEY) = —2(n - 1) (K k) + R, (87)

where REin satisfies the bound

|Rein| < C{H N H}{Hk F + lu i{}
L ) T AE B + 1Al + e TUE I + 1Al
< C{ (Egin)? + e_ZT(EEin)%EYM + e_4T(EEin)%E§2{M}~ (88)

We must finally estimate the time derivative of the correction to the gravitational energy, orrl) By an explicit calculation using the embed-

Ein -~
dings H® < L™ for s > n/2 +1 and H® — L* for any s, as well as standard inequalities, we find that 8TrEm may be written in the form

BTFgg __ -1 (K, u) — %(ﬁg,yu, u) + 2(k, k) + Skin (89)
n
where Sgiy satisfies the estimate

|SkEin| < C{ %

712 2 2T 2 2 —4T 2
L Dl R+ Nl + €T E s + JAL) + €T (1€ [ + A

3 — 1 — 1
< C{(E}am) *+ e T (Bpin)  Eym + ¢ (Egin) ZE%M}

)’}

Combining (87) and (89), we then have that the contribution of the gravitational sector to the time evolution of the first-order energy will be
given as

n-1)

Or (Egg + CEF(I)) =-2((n-1) - cE)(’lZ,’k\) - %E(Eg,yu,u) - ( CE(IZ, u) + ReEin.

Ein n

However, as with the Yang-Mills energy, we want to bound, to leading order, the time evolution of the gravitational sector energy by a term

of the form —ag (E](Ellz + cEl"gg) We note that Ref. 2 shows such a result, though the energies we have defined differ by a constant multiple

factor of 1/(2n?). A calculation analogous to that in Sec. V A 1 shows that this does not change the result of Andersson and Moncrief, and so
we obtain the following lemma.

Lemma 5.3. Let s>n/2+1, and take Bs(0) to be a ball of sufficiently small radius & containing (k,u,& A) that satisfy the

Einstein-Yang-Mills system. Then, the time evolution of Eg”) + CEFJ(Em) is given by

Ar(ES) + ey = 2((n=1) = &) (k) - %"(cg,yu,u) (”; D) ce{k, u) + R, (90)
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where ReEin satisfies the third-order estimate
3 — 1 — 1
[Reinl < C{(Bin)? + 7" (Eiin)? v + €7 (Bsn) * (Evan)*} (o1)

In particular, the gravitational energy will be bounded by

8 (E](Sllr? + CErl(izlr?) < —(XE(E(l) + CEFI(SB) + REin (92)
for ar defined as
2¢
ocE:(n—l)(l— 1- nEl). (93)

2. Positive-definiteness of energy

As done for the Yang-Mills sector, we will need to show we have a bound of the form || IZ.IH +ul} < CYi (EEl J+ CEF ) so thata
decay in the total energy will imply that the perturbations vanish. An estimate of this form, however, has been shown in Sec. 7.1 of Ref. 2
While the energies we have defined differ by a positive constant factor of 1/(2n?), we note that this will not affect the proof presented by
Andersson and Moncrief. We thus restate here the result of Theorem 7.4 from their work, which will still hold, in the following form.

Lemma 5.4 (Ref. 2). Suppose that y satisfies the shadow metric condition for g, and take s > n/2 + 1. Then, there is § > 0 and a constant
C > 0 such that for (k,u,E,A) € Bs(0), the inequality

[Fll7pes + ul < €3 (B, + el

is satisfied.

C. Total energy
Recall in (50) that we have defined the total energy as the quantity

E = ZE() ZE;})H O A

Now, as a direct result of Lemmas 5.2 and 5.4, we obtain the following theorem related to the positive-definiteness of the total energy.

Theorem 5.5. Fix s> n/2 + 1. Suppose that y satisfies the shadow metric condition for g, and take A = 0. Then, there exists § > 0 and a
constant C > 0 such that, for (k,u,E,A) € Bs(0), the inequality

~112
G . 2+ € + || < CE

ol

holds.

In light of Theorem 5.5, if we can show, with sufficiently small initial data at Ty, that E; decays to zero as T — oo, then we will have
shown that the perturbations also decay and, hence, the Einstein-Yang-Mills system converges to a background solution of the form (27).
Furthermore, we will have that the maximal existence interval of the Cauchy problem for the Einstein-Yang-Mills system in the chosen
gauges is then [Ty, 00), i.e., solutions of the small data Cauchy problem for the Einstein-Yang-Mills system will exist globally.

To show the decay of E;, we first see that, by combining the results of Lemmas 5.1 and 5.3, we have that 37E" is bounded from above by

orEY < —a(ES) + caTly) ) - ar (EQ) - orT)) + R, (94)
where R satisfies the leading-order estimate
IR| < [Ryml + [Rein]
i i i 2T —4T 2
< C{((E}ain)Z + (Eym)? )(EEin + Eym) + (Egin)? (e Eym+e  (Eym) )}

3 Ly _
< C{(EEin +Eym)? + (Egin + Eym)? (e *T (Egin + Eym) + €7 (Egin + EYM)Z)}~
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From Theorem 5.5 and the equivalence of Egi, and Eym with the Sobolev norms of the small data, we have that

2

Erin + B < C{ K2 + e + € s + A

il} < CE..

This means that R will satisfy the bound
Rl < C{(B)? + e (B): +e*(B): ).

As we have finally obtained a bound for the higher-order terms on our total energy, we may make the estimate ¢™" < ¢~ ™ for T > T without
worry that dangerous terms of the form e’ will appear. Using this, we then find the leading-order estimate of R to simply be

IR| < C(E:)>. (95)

Now, define A = min {ag, ay }/2. Because both Egr? + cEF](Eilz and Es(ziv)[ — ¢yl \((;v)[ are positive-definite, we then have that the time evolution of
the first-order total energy is bounded by

orE™ < 20 (EL) + By + eor) - T()) + R = ~AED + R (96)
Furthermore, because E (k,u, &, A) ~ E(l)(v[y]rlz, vyl u V[y]'E, V[y]iA), we obtain an analogous inequality for each E”. We remark

that in obtaining these higher-order inequalities, we will need to commute differential operators in order to apply the same arguments as for
the first-order energies. However, by applying Proposition 4.1.2, we will be able to bound these commutator terms by the appropriate Sobolev
norms and avoid any issues with regularity; cf. Sec. 2.1 of Ref. 5 or Sec. 5 of Ref. 1 for similar, detailed calculations.

These higher-order energy estimates, along with the estimate of R in (95), lead us to the following theorem.

Theorem 5.6. Fix A =0 and s>n/2+1. Let B5(0) be a ball of sufficiently small radius & containing (k,u,&,A) that satisfy the
Einstein-Yang-Mills system. Fix Ty > —oo. Then, there exists a constant C > 0 such that for T > Ty, the time evolution of E; satisfies the
differential inequality

3
OrEs < —2AE, + 2C(E;)>. (97)

We may now integrate up this inequality. In particular, let Y = (Es)(l/ 2), We then have the differential inequality
drY < -AY +CY>.

Integrating up and substituting back E;, we find that

E(T) < A? e“”“] . (98)

A
o (et
Ei(To)
When T > Ty and E;(Ty) < (A/C)?, we will have that Es(T) is bounded from above by an exponentially decaying function and from below
by 0. Hence, E; must tend to zero as T tends to infinity. We must simply require that the initial energy E(To ), determined by the initial values
of (k,u,&, A), is sufficiently small. However, with sufficiently small initial data, we have that Es will be bounded for all T € [Ty, c0), and thus,

in light of Theorem 5.5, the data (kyu, & A) will decay to a stable solution of vacuum Einstein’s equations. This leads us to the main theorem
for this paper.

Theorem 5.7. Suppose that y, has a smooth deformation space N and that the operator Ly, y, has a non-negative spectrum. Fix s > n[2 + 1
for n > 3. There is then § > 0 such that if (?o,go —0,£0,A0) € B5(0) ¢ H™' x H x H*™' x H', with y,, being a shadow metric of g, then the
Cauchy problem for the Einstein-Yang-Mills system with initial data (ko, o, o, £0 Ao ) is globally well-posed to the future.

In addition, if T — (Eg, y,E,A) is the maximal development to the Cauchy problem for the Einstein-Yang-Mills system, then there is
yx € N such that ('lz,g, 1,E,A) = (0,%,7%,0,0) as T — oo.

The main theorem also yields the following corollary, with an argument following that in Ref. 39.
Corollary 5.7.1. Let (ko,g0>y0,E0,Ao) be as in Theorem 5.7, and let (?o,go,yo,éo,fio) be the corresponding unscaled Cauchy data.

Let (;IE,g, 7,& A) be the maximal development to the Cauchy problem for the unscaled Einstein-Yang-Mills system. Then, the spacetime
corresponding to (k, g, 7, &, A) is geodesically complete to the future.
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VI. GAUGE COVARIANT 3 +1 YANG-MILLS EQUATIONS

As mentioned earlier, the energy estimates found in this paper will fail for n = 3 spatial dimensions. This appeared to be a result of the
choice of gauge made. However, we will present a gauge-covariant argument as to why such energy estimates will fail to yield the desired
existence theorem.

First, let us define the gauge-covariant derivatives as follows:

Lo, =0 + [Ao, o],
ZX = ﬁx + [X~A,O],
Vi=Vi+[Ase].
Now, we define the chromo-electric and chromo-magnetic fields associated with the Yang-Mills field strength F*;,,dx" A dx” as
&i:=F(n,0)),

* 1 1
Hi = F(n, 81) = Eé‘nilekl = Eeilekl,

where &,,44 is the four-dimensional volume form. In terms of the chromo-electric and chromo-magnetic fields £ and #, the Yang-Mills
equations take the following form in local ADM coordinates:

Zar&' = ngi - Nsijk§j7'[k - 2Nkij5j + Ntl‘g(k)gi - SijijNHk,

ZB,Hi = ZXHI' + Neijkngk - 2Nk,'j'Hj + Ntrg(k)'Hi + SijijNgk,

which after re-scaling as in Sec. I1I A reads in the dimensionless time T,

267& = —ZX&' + Neijklv\[y]j'Hk + 2N’]€ij5j - (% - 1)5,' + e,-jijNHk

~———
I

- Ne(T(g)’ )~ T[)* s ) Hos
N

Z@T'H,- = —ZXHi - Nsijkﬁ[y]jé‘k + ZNEinj - (; - I)Hi - SijijNgk

———
11

+ N (T[]l — T[y)ljx) e

Note that, in 3 + 1 dimensions, we have N = 3 + (second order terms). Consequently, one loses the decay that may potentially arise from the
terms I and II. We define a gauge-invariant energy for the Yang-Mills fields,

1 T = —~ —~
Eyw:=> > (VIETE) +(VH.V'H).
[I|<s—1
Note that this is indeed gauge-invariant and for s = 1 reduces to the standard Yang-Mills energy f T(n,n). We need compute up to s = 3.

This requires that we obtain several commutation relations, as terms of the form [Ls,, V[y]i] will be present in the higher-order energies.
Explicitly, we compute

(Lo, VYR, = [Lo,, Lo 1R + OrT[y]";Re
=F(0r,0)R; + aTF[V]Einf
= (N& + X e M) R + 0rT[y] ;Re.

Note that there are no non-linear terms present at the level of the L* energy. However, due to the commutators [ZaT,ﬁ[y]f]E i and
[Zap ﬁ[y],-]?—lj, we find that at the level of the H' energy we have the non-linear terms Ngigjﬁié'j and NE'H j’v\iHj, among others. In
order to control these, we would require a uniform decay term that, as we have seen, is absent in 3 + 1 dimensions. Thus, we are unable to
close the argument simply by means of energy estimates. This is essentially a consequence of the conformal invariance of 3 + 1 Yang-Mills
equations. Since the Milne model is conformal to a cylinder spacetime that exhibits no decay, one would naturally expect a loss of decay for
Yang-Mills fields on a Milne background as well. To this end, the light cone estimate technique of Refs. 22 and 26 should help closing the
argument with different asymptotics for the Yang-Mills curvature.
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VIl. CONCLUDING REMARKS

In this paper, we gave a small data global existence result for the n+ 1, n >4, dimensional Milne universe under coupled
Einstein-Yang-Mills perturbations. One of the main difficulties is the choice of an appropriate gauge that both extracts the hyperbolic char-
acteristics of Einstein-Yang-Mills equations and is also suitable for long time evolution. We adapted the constant mean curvature spatial
harmonic gauge introduced in Ref. 5 for the gravitational sector and a generalized Coulomb gauge introduced in Ref. 1. A Coulomb gauge
was previously utilized in the context of proving the long-time existence problem. The most notable use was in Ref. 6 to prove the long-time
existence of rough solutions of Yang-Mills equations. However, to our knowledge, the generalized Coulomb gauge has not been utilized in
previous studies. The particular reason for choosing this gauge is the fact that the divergence of the connection of non-Abelian gauge theory is
not a gauge covariant object, and as such, one ought to subtract a reference connection in order to apply the divergence operator. This gauge
choice, however, encounters the issue of a Gribov ambiguity. However, since we are working with small data, such a problem can be avoided.
In fact, as mentioned previously, there does not exist a globally “good” gauge for Yang-Mills theory because of the topology and geometry of
the orbit space of connections. As discussed in the main body of this article, a similar problem arises in the spatial harmonic gauge of gravity
sector,”’ but, once again, a small data assumption remedies the problem.

In Ref. 41, Einstein—Yang-Mills equations were studied on the de-Sitter spacetime by utilizing a conformal method in 3 + 1 dimensions.
Recently, the authors of Ref. 42 have extended the result to higher dimensions. A notable difference between our study is that the de-Sitter
spacetime contains a positive cosmological constant that induces a rapid (exponential) expansion. The rapid expansion of spacetime should
generate sufficient decay to yield a global existence, but even though the proof of such a result is intuitive, it is a monumental task to prove
it in a rigorous way. On the other hand, the Milne spacetime that we work with is a borderline case, as it exhibits a polynomial expansion
instead of an exponential one. In such a scenario, it is, in general, difficult to obtain a uniform decay estimate for either the Einstein or
Yang-Mills system. Nevertheless, the authors of Ref. 2 proved the uniform asymptotic decay property for vacuum gravity by constructing a
modified energy. This worked for all dimensions n + 1 with n > 3. In the 3 + 1 vacuum gravity, however, the authors of Ref. 39 provided a
more geometric argument by working with the Bel-Robinson energy directly instead of the ad-hoc wave equation type of energy in Ref. 2.
Remarkably, we noted that both of these approaches fail for the Yang-Mills sector since the appropriately scaled Yang-Mills evolution equa-
tion loses the decay precisely for 3 + 1 dimensions. Through a gauge-covariant argument, we showed that such a loss of decay is not an artifact
of the choice of gauge. In # + 1 dimensions for n > 4, however, one obtains the necessary decay factor in the electric part of the energy. The
construction of a suitable corrected energy yields an overall uniform decay factor, allowing us to control the non-linearities. Contrary to the
Yang-Mills system, this loss of decay does not cause a problem in the Maxwell case since the latter is a linear theory. To this end, we note
the study in Ref. 25 that considers a Kaluza-Klein spacetime *M x T4, where *M is the 3 + 1-dimensional Milne spacetime and T? is the flat
g-torus. A standard Kaluza-Klein reduction led to the Einstein-Maxwell-dilaton system due to T? being Abelian. In such a case, the authors
of Ref. 25 were able to prove the global future non-linear stability result purely by means of the energy estimates. Instead of T? being the
extra compact dimension, if one chooses S7, then the reduced system would be an Einstein-dilaton-Yang-Mills type. On the basis of our
observation, a pure energy argument would not work in such a case. However, we are optimistic in the sense that we believe a stability result
holds, which we are simply not able to prove at present. Perhaps a more refined light-cone estimate-type argument’® can be utilized to obtain
the desired result. On the other hand, if the 3 + 1 Milne model were to be truly unstable under coupled Einstein-Yang-Mills perturbations, it
would lead to new physics. These issues are under intense investigation.
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