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Abstract. We consider theories with global monopole or global texture defects and compute
the number density of nonlinear seed fluctuations as a function of mass and redshift. Specif-
ically, we focus on the mass range which is expected to be relevant for seeding supermassive
black holes. We find that there is an interesting range of symmetry breaking scales for which
the density of seeds is larger that what is predicted in the standard cosmological model with
Gaussian primordial fluctuations. Hence, global defects may help in light of the mounting
tension between the standard cosmological model and observations of supermassive black
hole candidates at high redshifts.
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1 Introduction

The number of discovered super-massive black hole candidates at high redshifts is creating
an increasing tension with the standard ACDM cosmology based on Gaussian primordial
fluctuations. Super-massive black holes are black holes with masses greater than about
10°M¢, (see e.g. [1] for a review). The existence of a super-massive black hole in the center
of our galaxy has now been firmly established, e.g. via the mapping of the orbits of stars in
the vicinity of this object [2], and the event horizon of the massive black hole in the M87
galaxy has recently been beautifully imaged by the Event Horizon Telescope project [3]. It is
now believed that each galaxy harbors a super-massive black hole. What is surprising from
the point of view of the standard ACDM is that more than 40 black holes candidates with
masses greater than 109 M, have been discovered a redshifts greater than 6 [4-11].

It is generally believed that super-massive black holes originate via the accretion of
dust and gas about massive seeds [1]. These seeds can be Population III stars with masses
in the range 10?> My, — 103 M), dense matter clouds or other compact objects, in both cases
with seed masses similar or larger than those of Population III stars. If accretion is limited
by the Eddington rate [12], then the nonlinear seed fluctuations must have been present at
very early times, which is in tension with the hierarchical structure formation scenario which
follows from the standard ACDM model. This tension was quantified, e.g., in [13]. Note
that under the assumption of Eddington accretion, seed masses of 103M had to have been
present at redshift of 20 in order to obtain nonlinear masses of 10°M, by redshift 6.3, and
seed masses of 102M, had to have been present already at redshifts greater than 30 (see the
figures in [13]).

An avenue to resolve this tension without touching the basic premises of the current
cosmological paradigm is to assume the presence of nonlinear seed fluctuations at high red-
shift. Such nonlinear seed fluctuations could be primordial black holes (see e.g. [14, 15]
for a recent review), they could form if dark matter contains a component which has large
self-interactions and hence clumps early [16], or it could be seeds produced by topological
defects.

In a recent paper [13], the possibility was studied that cosmic string loops could be
the seeds of super-massive black holes. In particle physics models which admit cosmic string
solutions, a network of strings will inevitably form in the early universe. String loops can then
form nonlinear overdensities at early times about which regular matter can accrete into super-
massive black holes. It was shown that even for quite small cosmic string tensions, the number
density of nonlinear seeds produced by the string loops is sufficiently high to explain the data.



In this paper we focus on global textures [17] and global monopoles [18], different types
of defects, and demonstrate that — for an interesting range of the symmetry breaking scale
characterizing the defects, a sufficient number of nonlinear seeds at early times can be formed.

Both global textures and global monopoles are roughly spherically symmetric config-
urations of field energy which arise in sets of particle physics models beyond the particle
physics Standard Model. A texture undergoes collapse and thus leads to the formation of
a nonlinear density fluctuation. In particular, the local Newtonian gravitational force of a
texture is of the same form as that of a point mass (see e.g. [19, 20]). Density fluctuations
from textures could hence be the seeds for super-massive black holes.

A global monopole in isolation would not accrete matter [18] in spite of the fact that
it is a stable defect with energy focused near the center. The reason is that the geometry
about the center of the monopole is that of a three-dimensional cone. However, the dynamics
of scalar field evolution of a scalar field model with global monopoles is such that a scaling
distribution of monopoles is maintained. Monopoles present at some initial time ¢; will an-
nihilate with antimonopoles within one Hubble time. The velocity of the defects induces
velocity perturbations [21]. In fact, the gravity of the joint monopole-antimonople configura-
tion will look similar to that of a point mass, and will seed the accretion of dark matter [22],
as will be discussed later. In particular, the energy of the monopole-antimonopole pair does
not show the divergence at infinity which a single monopole would have.

The outline of this paper is as follows: in the next section we present a brief review of
global textures and global monopoles and their possible effects in early universe cosmology.
In section 3 we then determine the nonlinear mass which collapsing textures and global
monopoles produce. We show that neither texture collapse nor a global monopole will directly
lead to black hole formation, but that in both cases a sufficiently large number of nonlinear
seed fluctuations will form.

In this paper we will use natural units in which the speed of light, Planck’s constant
and Boltzmann’s constant are set to 1. Newton’s gravitational constant is denoted by G. We
work in the context of Friedmann-Robertson-Walker cosmology.

2 Global textures and global monopoles: a brief review

Two guiding principles of Particle Physics have been the symmetry principle, according to
which every force results from an internal symmetry, the force carriers being the gauge fields
of the respective symmetries, and the unification principle according to which the three
microscopic forces which are observed today have a unified description at higher energies.
The unification of the weak and electromagnetic forces into the electroweak theory is well
established, and it is assumed that the strong force unifies with the electroweak force at some
very high energy scale. The breaking of an internal symmetry is generated by a scalar field ¢
with a non-trivial potential which at low energies takes on a value which breaks the symmetry,
as is the case for the usual Higgs field which breaks the electroweak symmetry. The search for
a unification of the weak and electromagnetic forces is a major goal of “Beyond the Standard
Model” (BSM) physics. BSM models typically contain a rich sector of scalar fields.

Many particle physics models beyond the Standard Model admit defect solutions, con-
figurations of scalar and gauge fields with trapped energy. If Nature is described by a model
which has defect solutions, then by causality [23, 24] a network of defects will form in the
early universe at the energy scale n when the symmetry breaks, and will persist to the present
time. The energy of the detects leads to signatures in cosmological observations. Hence, we
can use cosmology to test particle physics beyond the Standard Model.



There are different types of defect configurations: domain walls, strings, monopoles and
textures. Their space-time dimensionality is 3, 2, 1 and 0, respectively. In simple particle
physics models, one stage of symmetry breaking produces one type of defect.! The type
of defect which arises depends on the wvacuum manifold M of the theory, the set of field
configurations which minimize the potential energy. As an example, consider a scalar field ¢
with n real components ¢;, i = 1,...,n, and with potential energy

V(w)zi(iw?—ff, (2.1)

where the dimensionless constant A is a coupling constant, and 7 is the symmetry breaking
scale. In this example, the vacuum manifold is the (n-1)-sphere S™~!

M=5""1={p|(¥* =n")}. (2.2)

In the case n = 1 of a single real scalar field, M is disconnected and consists of the two
points ¢ = #£n. In this case, the zero’th homotopy group Il of the vacuum manifold is non-
vanishing, and defects with two spatial dimensions result, the domain walls. If n = 2, then
the first homotopy group II; of M is non-vanishing, and one-dimensional string solutions
result, the cosmic strings. If n = 3, the IIo(M) # 1 and point-like monopole solutions arise.
Finally, if n = 4, then II3(M) # 1 and textures result. Textures are defect points in space-
time, as will be discussed below. Note that both the standard electroweak theory and the
low energy effective pion Lagrangian of the strong interactions have a vacuum manifold with
this topology (but the symmetries are local and not global in these cases).

In theories with gauge symmetries, the defects consist of scalar and gauge field config-
urations and are called local. In this case, the energy density decays exponentially outside of
a core region of the defect and there are no long range interactions between different detects.
In theories with global symmetries, on the other hand, there are no gauge fields to cancel the
gradient energy of the scalar field configuration, and hence the energy density decays only as
a power of the distance from the defect core, and there are long range interactions between
different defects. In this case, we call the defects global. The textures and monopoles we are
considering here are global defects.

In the early universe, finite temperature effects will lead to symmetry restoration (see
e.g. [26] for a review): all at points in space the time average of the field is ¢ = 0, the
symmetric point. Once the temperature of the universe decreases to a critical value T, ~ 7,
the temperature effects will be too weak to keep the field at the local maximum of the
potential, and ¢(x) at all points x in space will roll down to a point in M. However, the
direction in which ¢ rolls is random on scales larger that the correlation length (which is
bounded by causality to be smaller than the horizon), and hence there is a finite probability
that a defect will form in any correlation volume [23, 24]. The causality argument ensures
that at any time after the phase transition, defects will persist — roughly one per horizon
volume.

Theories with domain wall solutions (and energy scales 7 larger than scales probed
in accelerator experiments) are ruled out because the domain walls would overclose the
universe [27]. Local monopoles can also dominate the energy density of the universe if the
energy scale 7 is high since there are no long range interactions [28]. In contrast, the energy

'In condensed matter systems more complicated defects are possible, see e.g. [25] fpr a review.



density in cosmic strings, global monopoles and global textures makes up a constant fraction
of the total energy density of the universe, a fraction which scales as (Gn?)P, where p is a
positive number which is p = 1 in the case of global textures and global monopoles. Hence,
cosmic strings, global monopoles and global textures can lead to interesting consequences for
cosmology.

As mentioned above, textures arise if the scalar field has four real components (i.e.
n = 4). A spherically symmetric texture configuration (arising at some time ¢ in the cosmo-
logical evolution) with center taken to be the center of the coordinate system can be written
as (see e.g. [29])

o3.2) = cosy(r)sine(r)  sin (1) sin 1) (23)
r r r
where 72 = 22 + 9% + 2% and
and
Xx(r) =7 asr — 0. (2.5)

All points in space are mapped onto the vacuum manifold and there is no trapped potential
energy. For a texture forming at time ¢, the length scale over which x(r) changes from x = 0
to x ~ 7 is in fact the Hubble scale .

A spherically symmetric global monopole solution (n = 3) can be written in the form

Ty z

go(x,y,z) - f(T)n<T7r7r> (26)
where f(r) tends exponentially to 1 outside of a core region of radius 7. ~ n~!, and tends to
zero inside the core region. In contrast to the case of the texture configuration of (2.3), in
the case of a global monopole it is not possible to map all of space into the vacuum manifold,
keeping the winding number of the field at infinity nonvanishing. Hence, there is a core region
where ¢ is not in M and where there is hence trapped potential energy.

In the case of local monopoles, the scalar field tension energy is cancelled by the gauge
fields outside of the core region, and the energy density hence falls off exponentially away
from the core. A consequence of this is that there are no long range interactions of local
monopoles. In the case of global monopoles, the energy density is dominated by the scalar
field gradient energy, as in the case of the global texture.

There is a finite probability ¢ (found to be approximately ¢ = 0.04 in numerical simu-
lations of textures [30, 31], and ¢ ~ 1.2 in the case of global monopoles [22]) that at time ¢
the scalar field configuration will have a configuration with this topology and spatial extent.
For textures, the tension energy is concentrated in the region where x(r) < /2. The overall
tension energy can be reduced by having the radius r;, where x(r,) = 7/2 reduce towards
rp, = 0. Thus, r,(¢t) will contract at the speed of light which corresponds to a contraction of
the region where the tension energy is concentrated. But as this happens, the local energy
density near » = 0 increases. Eventually this energy density becomes so high that near » =0
the field configuration leaves the vacuum manifold. This is the texture unwinding event,
an event studied in more detail in the following section. After the unwinding, the energy
in the texture configuration will be released as scalar field radiation and will expand again
outwards. The time scale for the texture collapse and unwinding is the Hubble time scale,



and during this time interval an nonlinear seed overdensity in regular matter will be created
which survives after the texture unwinds. On scales larger than ¢, the scalar field is still
uncorrelated. Thus, at all times texture configurations of ever increasing size will form and
collapse. This is the so-called scaling solution for textures.

Global monopoles do not unwind, but a Hubble time after monopoles of a particular
scale ¢y have formed at time ¢y, long range forces arise between monopoles and antimonopoles
which are now separated by less than the new Hubble volume. Monopoles and antimonopoles
annihilate, leaving the field configuration without winding number on a scale ;. However,
on larger scales the winding number will not vanish by causality, and new monopoles (of
larger size) will develop. This is the scaling solution for monopoles. Whereas an individual
global monopole would not accrete matter because the geometry of space about a monopole
is that of a cone without local curvature, a moving monopole induces a velocity fluctua-
tion [21] which develops into an elongated density perturbation. In particular, once the
monopole and antimonopole get close, the joint gravitational effect will be comparable to
that of a Newtonian mass distribution with energy density scaling as a function of distance
like that of an individual monopole. The accrelation will not be spherically symmetric, but
rather cylindrical (the axis being the direction in which the monopole and antimonopole are
coalescing).

In early days, cosmic strings [32-34], global monopoles [18, 22] and global textures [17]
were considered as alternatives to cosmological inlation as the source for all cosmological
perturbations. However, defects lead to active and incoherent fluctuations, and do not lead to
acoustic oscillations in the angular power spectrum of cosmic microwave background (CMB)
anisotropies [35-37]. The existence of acoustic oscillations first discovered by the Boomerang
experiment [38] hence tells us that the defects can only form a supplementary source of
fluctuations, accounting for a total of less than a few percent. The current upper bound on
the symmetry breaking scale 1 is n < 6 x 10'°GeV in the case of global monopoles [39] and
Gn? < 4.5 x 1076 in the case of textures [40, 41]. Nevertheless, since many particle physics
models predict defects with energy scales low enough to satisfy the upper bound on 7, there
is good reason to look for signals of defects in cosmological observations (see e.g. [42]). In
particular, defects will lead to non-Gaussian nonlinear fluctuations at early times. In [43],
the possibility was explored that a texture could be the seed for the cold spot in the CMB
temperature map (see also [44, 45] for other work on textures and early structure formation).
Here we will explore the role that textures and global monopoles could play in the formation
of super-massive black holes at high redshift.

The metric of a isolated spherically symmetric global monopole [18] or texture [46] cor-
responds to a cone whose tip is the center of the defect and whose deficit angle is proportional
to Gn?. Hence, it may appear that there is no gravitational attraction towards the center
of the defects. However, this conclusion is premature. Since the texture configuration is
time-dependent, the induced volume deformation leads to an effect which looks like spherical
accretion [46]. The joint metric and matter fluctuations about a spherically symmetric global
defect metric were analyzed in General Relativistic perturbation theory in [19, 20, 47], with
the conclusion that the Newtonian analysis of the growth of structure about a global defect
(used in all previous works on global textures and structure formation (see e.g. [48, 49] for
reviews) applies.

The metric of an isolated global monopole on the other hand is time-independent, and
there is no local gravitational force on surrounding matter [18]. However, the field config-
uration of a field with monopole solutions maintains its scaling nature by the continuous



annihilation between monopoles and antimonopoles. A moving monopole induces a velocity
perturbation [21] with a shape which is elongated in direction of motion of the monopole.
Close to the time of annihilation, there will be a nontrivial gravitational force field on sur-
rounding matter. We will approximate this as a spherically symmetric force field, as done
in previous work on global monopoles and structure formation [22]. Note that the number
density of these monopole-antimonopole pairs is — up to a factor of two — the same as the
number density of defects.

Note that textures arise only in theories with a global symmetry. If the symmetry is
local, then the energy of the scalar field can be compensated by gauge fields and there are no
long-lived non-trivial topological field configurations. This is different from what happens if
the vacuum manifold admits domain wall, string or monopole solutions, in which cases the
defects exist both if the symmetry is local or global. From the point of view of quantum
gravity, theories with a fundamental global symmetry are problematic — they likely live in
the swampland (see e.g. [50] for a recent review and [51, 52] for some original references). On
the other hand, we know that there can be global symmetries in a low energy effective field
theory — the chiral symmetry is an example. Hence, what we have in mind in this paper
is texture and monopole configurations in an effective field theory with a global symmetry
which is not present in the ultraviolet completion of the theory.

3 Textures and global monopoles as seeds for black holes

The energy density of the contracting texture configuration introduced in the previous section
is [53]

r2 4+ 352 9

p(r,s) = 2( n°, (3.1)

where we have introduced the shifted time s such that the unwinding event occurs at s = 0.
This formula holds for r < ¢y, where ¢y is the time when the texture forms.?
As s — 0, the energy density diverges as r — 0. However, once the energy density

at r = 0 becomes comparable to the energy density V' (0) of the false vacuum state,, the
unwinding event will occur. This happens at the time s,,, given by

s2, ~ 6 TIn72, (3.2)
and the region of space where the unwinding occurs has a radius
Fuw ~ AL (3.3)
At the unwinding time, the energy in the texture configuration for radii greater than r,, is
E(r) = 8mrn?. (3.4)
The corresponding Schwarzschild radius r(r) is

ro(E(r)) = 8n(Gn*)r < r (3.5)

ZNote that the pressure of the configuration is negative. Hence, the effective energy density which generates
the Newtonian gravitational accretion is in fact larger, by a factor of 4 at the collapse point. We will neglect
this extra O(1) enhancement factor.



(since Gn? < 1). Hence, we see that texture unwinding does not directly lead to the formation
of a black hole.

The contraction of the energy density in the texture field will lead to a nonlinear over-
density. Its extent and mass can be estimated by asking at what value of r (we denote this
value by r(t)) at the collapse time

dop(r,t
prt) o (3.6)
po(t)
where pg(t) is the background energy density. This yields
ru(t) = V6(Gn?)' 2t (3.7)

where we are taking ¢ to be in the radiation dominated phase. The dark matter mass enclosed
in this region at the time of formation ¢y is

Mean(t) = it o) (33

a7 gt \ 2
= gTil(tf)G 1tf2<tf>
eq

1/2
= 8\/67r(G772)3/2G_1tf <tf)
leq

where t¢q is the time of equal matter and radiation (recall that we are working with ¢ < teq)
and the last factor in the second line comes from the suppression of the dark matter density
relative to the total density during the radiation phase.

Our analysis for global monopoles is more approximate. We will consider the energy
density of the monopole-antimonopole pair before annihilation to be spherically symmetric
and dominated by the spatial gradients of ¢ and gives

p(r) ~ . (39)

As a consequence, the energy of the field configuration inside a radius r is given by (3.4), as
in the case of the global texture. Hence, the following calculations apply both to textures
and to global monopoples, the only difference being that the probability of a defect per unit
volume (i.e. the coefficient c¢) is larger for monopoles than for textures.

The seed mass can only start to grow at teq, after which it grows proportional to the
scale factor. Hence, at late times t >> toq, the nonlinear mass M(t,t;) due to a texture or
global monopole formed at time ¢ is

t 1/2 ;4 \2/3
Mseed(ta tf) = 8\/67T(G7’]2)3/2G_1tf () <> . (310)
teq leq
To simplify the following equations, we will introduce the quantity
K = 8V6r(Gn?)* 2 Gt/ (3.11)
such that the formula (3.10) for the seed mass can be written in a shortened form
2/3
t
Mycod(t,f) = wty/ () . (3.12)
teq



The next goal is to compute the mass function dn/dM of nonlinearities seeded by the
defects, which is the number density of objects per unit mass. This function is determined by

dnt_dnﬂ

a0 = g i (313)

where the first factor on the right hand side is the number density of defects forming at time
ty per unit comoving volume per unit time. This is given by

dn C -5/2

at; = 167 to 2til? (3.14)

for ty < teq, where ¢ ~ 0.04 is the probability (discussed also in the previous section) that
a given Hubble patch will contain a texture, and ¢y is the present time. We are normalizing
comoving coordinates such that they correspond to physical coordinates at the present time,
ie. a(tg) = 1, where a(t) is the cosmological scale factor. The second factor in (3.13) can
easilly be derived from (3.12) such that

dn 1 t\2/3

——(t) = —erM A2 () . 3.15

dM ( ) 24 CR 0 eq teq ( )

We now return to the question whether defect-induced nonlinear seeds can explain the

abundance of seeds required to yield one supermassive black hole per galaxy. Specifically, we

ask what the mass of the nonlinear sees is which at time ¢ has a separation dg, which is the
separation between galaxies. This mass is given by the equation

dn _3

Mm(t) - dgal B (316)

where we have to change from the number density of seeds per unit mass to the number

density of seeds of mass of the order of M. Solving this equation for M and substituting

back for x yields
£\ 2/3 Aot \ 3
M, (t) = 72)/60((;772)3/2@) toal<tgl> . (3.17)
eq 0

Expressing Gn? in units of 1079, i.e.
Gn? = (Gn?)g107° (3.18)
and inserting numbers we get (using dga = 1 Mpc)
M,(t) ~ 1.4 x 106 Mo z(t) " (Gn?)/* (3.19)

for global textures and
M,(t) ~ 4.4 x 10" Mo z(t) " (Gn?)Y? (3.20)

for global monopoles.

In figures 1 and 2 we present our results. Given the value of Gn?, we plot the nonlinear
seed mass for which the number density is right to explain one object per galaxy. The
results are plotted as a function of redshift. The results are compared to what is obtained in
the standard ACDM model with Gaussian primordial fluctuations (the black curve labelled
ACDM). Plotted are the results for various values of Gn?. The faint black dashed curves
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Figure 1.  Global texture case: mass (vertical axis) of nonlinear objects which have comoving

number density equal to the number density of galaxies, as a function of redshift (horizontal axis).
The curve labelled ACDM represents what is predicted in the ACDM model with Gaussian initial
conditions (see the discussion in [13]).
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Figure 2. The same as in figure 1, but in the case of global monopoles.

delineate the range of expected seed masses for supermassive black holes (see [1]). For
Gaussian models, the mass decreases exponentially as a function of redshift, whereas for
defect sources there is only a power law decrease. In the case of cosmic textures, we see that
for Gn? > 10775 the number density of nonlinear seeds is larger than what is predicted in
the standard ACDM model if we consider redshifts comparable or larger than 20 — when
seed masses of 102M, are required in order to obtain 10°M black holes by redshift of 6.3



if accretion is bounded by the Eddington rate. If the seed masses are 102M, then a larger
range of values of Gn? will lead to a larger number of seeds in the defect models compared to
the ACDM model. In the case of global monopoles, we see that for values Gn? > 10782, the
number density of nonlinear seeds at redshifts of 20 and greater is larger than in the ACDM
model. Hence, it is easier to explain the existence of seeds for supermassive black hole at
high redshifts if the spectrum of fluctuations includes a small contribution of global textures
or monopoles.

4 Conclusions and discussion

We have explored the possibility that global textures or global monopoles could provide the
seeds for super-massive high redshift black holes which appear to be lacking in the standard
ACDM model. We have shown that in both cases there is a range of symmetry breaking
scales 7 which are smaller than the current observational bounds but for which a sufficient
number of seeds is present. If we want more 103M, seeds at redshift of 20 compared to what
is obtained in the ACDM model, then the lower limit on 7 is of the order Gn? ~ 10~7 in the
case of cosmic textures, and Gn? ~ 10782 in the case of global monopoles. This corresponds
to values of 1 in the lower range of what is expected in models of particle physics Grand
Unification.

In the case of seeds produced by cosmic string loops [13], the corresponding value of 7
is substantially lower (lower by two orders of magnitude compared to what we obtain here in
the case of global monopoles). The reason why there are more nonlinear seeds in the case of
cosmic strings than in the case of the global defects studied here is that in the cosmic string
model there are many loops per Hubble volume, whereas in the case of global defects there
is of the order of 1 defect per Hubble volume.

Since cosmic strings arise in theories with local symmetries (which are better motivated
from the point of view of quantum gravity), there has been more work on the cosmological
consequences of strings. However, there is still good reason to study consequences of theories
with global defects. In particular, it would be interesting to study the spectrum of high
energy cosmic rays generated (in analogy of the work in [54] for cosmic strings), and to
investigate the spectral distortions which the decay of the global defects predict (in analogy
to the work in [55] in the case of cosmic strings). Work on these topics is in progress.
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