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ABSTRACT

Black Hole (BH) and Big Bang (BB) solutions to classical General Relativity (GR) are singular at » = 0 and are therefore
non physical. Moreover, the inside of the event horizon, rsw = 2GM, for a BH with mass M, can not be modeled as regular
matter/radiation. Yet, BH of different M have been observed. What is inside r < rgw ? Our universe accelerates because it is
trapped inside r < ro = 1/Hx = (A/3)7'/2, where A is an effective cosmological constant. What is outside > r,? We present
here a new non-singular solution to GR, which we call the BH Universe (BHU), that can model both a physical BH or a BB.
The BHU consists of regular expanding matter/radiation and a false vacuum energy excess A = pp = A/87G = ppy so that
rsw = ra. For the inside comoving observer the BHU is an homogeneous and isotropic expanding (FLRW) metric. For the
outside observer, this same FLRW metric looks like a static BH with mass M o A~1/2, This frame duality allow us to connect
two nested FLRW metrics as a new solution to GR and it also explains why our universe is expanding and not contracting. We
discuss other distinct observational features of the BHU. For all we know, all observed BHs could just be BHUs. Observations

of our universe are also consistent with a BHU, may be one of many, older and younger, interconnected island Universes.
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1 INTRODUCTION

A Schwarzschild BH metric (BH.SW) represents a singular object of
mass M. The event horizon rgw = 2G M prevent us from interacting
with the inside which makes BHs good Dark Matter candidates.
Physically, a singular point does not make sense.! But objects with
mass and sizes matching rgy have been observed. What is the metric
inside? What happens when they accrete matter or when two BHs
merge? Do BHs grow and co-evolve with galaxies (e.g. Kormendy &
Ho2013)? Do observed BH form in stellar collapse or are they seeded
by primordial BHs? How do primordial BH form (e.g. Kusenko et al.
2020)? Most of these modelings assume the BH.SW solution, but
can we actually answer any of this if we do not have a physical model
for the BH interior?

Here, we look for an alternative solution to the BH.SW interior,
defined as a non singular classical object of size rgy, which repro-
duces the BH.SW metric for the outside r > rgw . A physical BH of
size r < rgw and mass M, has a density:

Mgy 3M72
PBH =Y = 82G ~ 32263
This is more compact than any form of regular matter (Buchdahl
1959). The highest known density for a stellar object is that of a
Neutron star, which has the density of an atomic nucleus, but is
still a few times larger than rgw . Yet BH of different M have been
observed, even of galactic size. To achieve such a high density for
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a perfect fluid, the radial pressure inside a BH needs to be negative
(Brustein & Medved 2019 and references therein). Cosmologist are
used to this type of fluids, which are called Quintessence, Inflation
or Dark Energy (DE). So, could the inside of a BH be DE? Mazur
& Mottola (2015) have argued that the same DE repulsive force
that causes cosmic acceleration could also prevent the BH collapse,
resulting in the so call gravastar solution. The simplest DE is the
ground state py 4. = Vp(¢) of a scalar field ¢(x). Gaztanaga (2021b)
have argued that a constant vacuum energy does not gravitate. But, as
we will show here, a false vacuum (FV) discontinuity V = Vy+A does
gravitate. We look for a classical BH solution defined by a spatial
discontinuity at the event horizon. This requires non-static solutions
with radial fluid velocity u # O relative to the outside SW observer.
The two key questions we want to address here are: What are possible
metrics for the inside of such a physical BH? What is the meaning of
the BH mass M measured by an outside SW observer, like us?

We find here a new solution to these questions, which we call
the BHU metric. We will also explore the idea that our Universe
corresponds to such BHU solution. As the universe expands H tends
to Hp which corresponds to a trapped surface rp = 1/Hy, just like
the event horizon of a BH. Moreover, the density of our universe in
that limit is p = 3H/2\ /871G which corresponds to that of a BH, in
Eq.1 for rgw = ra. This indicates that we actually live inside a very
massive physical BH. It also tells us what is the metric inside a BH:
our Universe is the only object whose interior we know and has the
density of a BH. We will show that such situation is a solution to
classical GR without singularities. This seems to avoid the singularity
theorems in the lines pointed out by Senovilla (1998). But exact
mathematical rigour is not the scope or concern of our paper, but
rather a more physical and empirical approach to these issues.
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The idea that the universe might be generated from the inside of a
BH is not new and has extensive literature. Easson & Brandenberger
(2001) and Oshita & Yokoyama (2018) present a good summary
of past and recent literature which mostly focused in deSitter (dS)
metric with a dual role of the BH interior and an approximation
for our universe. Many of the formation mechanisms involve some
modifications or extensions of GR (e.g. Zhang (2018)), motivated
by quantum gravity or string theory. This is what we try to avoid
here. There are also some examples (e.g. Daghigh et al. 2000) which
presented models within the scope of a classical GR and classical
field theory with FV interior similar to our BH.fv solution here. These
models are affected by the no-go theorem, such us Galtsov & Lemos
(2001), that state that no smooth solution to ¢(x) can interpolate
between dS and SW space. But this is not an issue for our BH.fv
solution for two reasons. First, that the external asymptotic space is
really SW+dS or FLRW (a physical BH is a perturbation in a FLRW
metric), where solutions do exist (e.g. Dymnikova 2003). Second,
because we do not need ¢(x) to smoothly transit between metrics.
The field is trapped in a FV, which is discontinuous by nature. All
these previous works provide support to the idea that our universe
could indeed be inside a BH, but they are too simplistic, as they don’t
contain any matter or radiation.

There are also papers that proposed a Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric as BH interior. Pathria (1972)
found that rgy for a SW-dS metric behaves like R,y in a closed
(k = +1) FLRW metric and speculated just from this analogy that
our universe is inside a BH. Knutsen (2009) rightly pointed out
the inconsistencies in notation and interpretation in Pathria (1972).
Stuckey (1994) found that a dust dominated FLRW universe could be
mathematically joined to an outside BH.SW metric. This is a good
precedent to our BH.u solution (in §4.2), but it did not include a A
term, a FV vacuum, radiation or a physical interpretation. Our ideas
are also quite different from Smolin (1992) who speculated that all
final (e.g. BH) singularities "bounce’ or tunnel to initial singularities
of new universes. Here we propose the opposite, that such singular-
ities are not needed to explain observations. The BHU model could
avoid the initial entropy paradox (Penrose 2006) as a consequence of
its local origin within a larger universe.

In §2 we present our notation for Einstein field equations for per-
fect fluid and two homogeneous solutions: a FV and an expanding
FLRW universe. In §3 we present a brief introduction to the general
case of in-homogeneous solutions with spherical symmetry in proper
SW coordinates. The FLRW solution can also be expressed in these
coordinates. This duality is a key ingredient to find our solution for
a physical BH interior. As far as we know this is a new result. In §4
we present two new solutions for the physical BH interior. In §5 we
discuss how to apply these solutions to our universe. We end with a
summary and a discussion of observational windows to test the BHU.

2 HOMOGENEOUS SOLUTIONS
We will solve Einstein’s field equations (EFE) Padmanabhan (2010):

167G 6(y=g£L)

V—g ogHv
where Gy = Ryy — %g,”,R and £ is the matter Lagrangian. For
perfect fluid in spherical coordinates:

Guy +Aguy =8nG Ty, = s 2)

Tyy = (p +p)u/1uv +DP8uv (3)

where u, is the 4-velocity (u,u” = —1), p, and p are the energy-
matter density and pressure. This fluid is in general made of several
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components, each with a different equation of state p = wp. For a

fluid moving with relative radial velocity u with u” = 0, u,0,0),

we have u(z) = —goo(1 + g1 42) and:

7! =p+u(p+p)g
;=T =p @)

Ty =-p—u(p+pgi ;
Ty =(p+p)upu

For a comoving observer u = 0. The outside manyfold M, is empty
space so the solution gy is the BH.SW (this is just the usual ap-
proximation for a BH, but, as we will show, the outside can also be
a FLRW metric). Because the inside M_ is causally disconnected,
M. acts like a simple boundary condition. Given some p and p
inside rgyw , we will solve EFE inside with such boundary condition
to find g—. To impose the boundary at rgy we will use the same
(proper) SW coordinate frame that is not moving with the fluid so
that TOl # 0. This could result in solutions for M_ that are not static.
We will then verify Israel (1967) conditions to double check that the
join manyfold M = M_ U My is also a solution to EFE and there
are no surface terms (see §4.3). This is different from just matching
two metrics. We will also find 7}, inside and outside the physical
BH. This is not enough to find a physical solution to EFE. We also
need to study its stability and find a causal formation mechanism.

2.1 Scalar field in curved space-time

Consider a minimally coupled scalar field ¢ = p(xo) with:
1
L EK—V=—§6W3“¢—V(¢) 5)

The Lagrange equations are: V2 = 8V /8¢. We can estimate Tuv (@)
from its definition in Eq.2 to find:

T,uv(‘P) =0y + g/lV(K -V) (6)
comparing to Eq.3:

p=K+V  p=I|K|-V @)

In general we can have p|| # p. for non canonical scalar fields (see
Eq.5 in Diez-Tejedor & Feinstein 2006 for further details). The stable
solution corresponds to p = —p = —pyge:

V2p=dV/de=0 ; p=prac=-p=Vie)=V; (3

where ¢ is trapped in the true minimum V{ or some false vacuum
(FV) state V; = V + A. The situation is illustrated in Fig.1.

The solution to Eq.2 for constant p = —p = V; (without mat-
ter or radiation) for a general metric with spherical symmetry in
proper coordinates (i.e. Eq.15) is given by dS metric in Eq.21 with
sz\ = 8nGpp /3 where pp = V;+A/8nG. This metric is static which
indicates that the vacuum solution is in equilibrium. Quantum tun-
nelling can result in a phase transtion or vacuum evaporation, which
could break the equilibrium or result in slow evolution.

2.2 The FLRW metric in comoving spherical coordinates

The FLRW metric in comoving coordinates ¢ = (7, x, 6, §), corre-
sponds to an homogeneous and isotropic space-time:

ds? = fopdt®deP = —dr? + a(r)? [d)(z + deAi] ©)

where we have introduced the solid angle: dA; = sinc(Vk x)dA
with dA2 = cos? 6d6? + d6? and k is the curvature constant k =
{+1, 0, —1}. For the flat case (k = 0) we have dAi = dAZ. The scale
factor, a(t), describes the expansion/contraction as a function of
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Figure 1. A potential V (), of a classical field ¢ (x), made of the superpo-
sition of 3 plane waves. A configuration with total energy: p = K + V (black
dot at ¢5) can slowly loose its kinetic energy K5 (e.g. via Hubble damping)
and relax into a static (K = 0) ground state p = V; = V (¢;),i =1,2,3 (red
dots), which we call false vacuum (FV) because they have an energy excess
A; = V; =V} with respect to the true vacuum at V) = V (¢g) (blue circle).
A FV can be trapped inside other FV. Some FV are unstable or slow rolling,
like ¢7. Quantum tunneling (dashed green lines) allows ¢ to jump between
FV. A FV could also be reached by adding kinetical energy 6K to the system
to overcome the energy barrier where FV are trapped.

comoving or cosmic time 7 (proper time for a comoving observer).
For a comoving observer, the time-radial components are:

(Too T]O) _ (P(T) 0 ) (10)
Tor Tn 0 p(r)a?
i.e. u = 0 in Eq.4. The solution to EFE in Eq.2 is:
3 (%) = Ruutfu’ =A-47G(p+3p)  (11)
a2
H? = (—) = H [gma—3+QRa—4+Qka—2+gA (12)
a
A
PA = Pvact Fyel (13)
3H> Px
= ; Qy=—tX_ 14
Pc 381G X pela=1) (14)

where Q,, (or p,,) represent the matter density today (a = 1), Qg is
the radiation, pyyc represents vacuum energy: pyvac = —pPvac = V(¢)
and pp = —p is the effective cosmological constant density. Given
p and p at some time, we can use the above equations to find a = a(7)
and determine the metric in Eq.9.

Eq.11 also corresponds to the geodesic acceleration (see Eq.43
bellow) and is valid for a perfect fluid in a more general metric. Note
how p < —p/3 (or A > 0) produces acceleration (a repulsive gravity)
and therefore expansion. This will be the physical mechanism that
will avoid the BH singularity for the BHU solution.

During inflation, H was dominated by a vacuum field so that pp =~
V(p) = 3H12\ /871G, which results in a ~ e7HA_ Recent observations
show that the expansion rate today is also dominated by pa. 2 This
indicates that the FLRW metric lives inside a trapped surface 1/Hp =
(8tGpa/3)~1/2, which behaves like the interior of a BH.

2 This is no coincidence: the current late time cosmic acceleration can be
understood as caused by inflation, see §5.1.
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3 PROPER COORDINATES

The most general shape for a metric with spherical symmetry in
proper or SW coordinates (t, r, §, ) is Padmanabhan (2010):

dr?
ds? = guydxtdx” = —(1+2%)dr* + Toe "t r’dA? (15)

where dA; was introduced in Eq.9 to allow for non-flat space. W(¢, r)
and @(z,r) are the two gravitational potentials. The Weyl potential
Dy is the geometric mean of the two:

(1420w)% = (1 +20)(1 +2¥). (16)

Y describes propagation of non-relativist particles and @y the prop-
agation of light. For p = —p we usually get ¥ = ® = Oy .

Eq.15 can also be used to describe the BH.SW solution (or any
other solution) as a perturbation (2|®| < 1) around a FLRW back-
ground:

ds? = —(1+29)dr> + (1 - 20)a’dy® + a* *dA? (17)

where r = a(t)y and t =~ 7. This same expression follows from
perturbing the FLRW metric in Eq.9.

EFE for the general case of Eq.15 are well known, e.g. see Eq.(7.51)
in Padmanabhan (2010). The case p = —p results in G8 = G}, and
the solution is:

d):‘l‘:—G/r/rp(r) 47rr2dr—Ar2/6—C1/r (18)
0

The remaining EFE, G% = G% are equivalent to energy conservation
Vv, T} =0.Foru=0:

p+p p+p

Op =— h®. ; Op= oY 1

tP 1720 5 Orp 1729 7 (19)
Note how p = —p results in constant p and p everywhere, but with
a discontinuity at 2& = 2¥ = -1, corresponding to r = rgw.

This discontinuity allows p and p to be constant, but different in
both sides of rgw . One way to address this more formally is to
study junction conditions (see §4.3). Another way around this, is to
consider anisotropic pressure p)| # p1 (Brustein & Medved 2019;
Dymnikova 2019) which can result from non canonical scalar field
Diez-Tejedor & Feinstein (2006).

Empty space (p = p = pp = 0) in Eq.18 results in the BH.SW
metric:

20 =2¥ = 2GM/r = —rsw /7 (20)

where C; = GM. But note that we can also obtain this same solution
from Eq.18 for p # O if we set p = —p = V{y to a constant with
A = -8rnGV)j. In the presence of A, the BH.SW metric does not
correspond to p = 0 but to pp = 0. Outgoing radial null geodesics
cannot leave the interior of rgy,, while incoming ones can cross
inside. The solution to Eq.18 for p = p = M =0, but pp # 0 is the
deSitter (dS) metric:

20 =2¥ = —r?H% = —?/r} @

which is also static and has a trapped surface at r = rp = 1/Hp
2® = -1) where le\ = 87Gpp/3 and pp = A/(87G) + V. Note
how such gravitational potential corresponds to a repulsive force,
while Eq.20 is attractive. The inside of r is causally disconnected,
like in the FLRW metric. In fact, both metrics are equivalent in that
regime (see Mitra 2012) which explains why the dS metric reproduces
primordial inflation. As first pointed out by Einstein, the Steady-State
Cosmology (SSC), with a perfect cosmological principle, is also
reproduced by the same dS metric (O’Raifeartaigh & Mitton 2015).
Note how contrary to the original SSC proponents (Bondi & Gold
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Figure 2. Logarithm of proper radius » = a(7) y (top) and comoving time 7
(bottom) as a function of SW time ¢ in Eq.27 for a(7) = e7HA and different
values of y. All quantities are in units of 1/Hx. For early time or small y:
7 =~ t. A fix y acts like an Horizon: as t = oo we have 7 = —In y (dotted),
which freezes inflation to: r = ay = ¢~ (HaX) y = 1/H, (dashed).

1948; Hoyle 1948), there is no need for continuous creation of matter
(C-field) because pp = V() is trapped to a fixed value.

When we express M = pV with V = 4773 /3 and p = py, the
BH.SW metric in Eq.20 becomes dS in Eq.21:

2¥ =20 = -2GM/r = 871G ppr* = —HAr? (22)

We will see this equation again soon (e.g. Eq.39). The BH.SW metric
is singular at r = 0, while dS is singular at » = oo (see Fig.5). In
comoving coordinates, dS singularity corresponds to a comoving
Hubble horizon that shrinks to zero (see Fig.4). But note that this
singularity can not be reached from the inside. Radial null events
(ds? = 0) connecting (0, ro) with (z,7) follow:

r=rew TSW 10 otfrsw _ 1) /(Me%/rsw w1 @3

rsw —ro rsw —ro
so that it takes # = oo to reach r = rgy from any point inside. So the
inside observer is trapped as in the FLRW case.

When we have both M and p constant everywhere, the solution
to Eq.18 is: 20 = 2¥ = —rzle\ — rsw /r, which corresponds to
SW-dS metric, a BH in a dS background which has slightly shifted
event horizon and is an approximation to our FLRW metric today.

3.1 The FLRW metric in proper coordinates

Consider a change of variables from x* = [z, r] to comoving coor-

dinates £¥ = [7, x|, where r = a(7)y and angular variables (&, 6)

remain the same. The metric g, transforms to fog = A’L(iA/‘;,g wv

where AL, = g?:,

A (Ot Ot _((+ 20w) " arH(1 +2®w) !
Orr  Oyr rH a

is the Jacobian. Using the duality transformation :

) @

it is straightforward to verify that Eq.15, with 2® = —r2H2 and
arbitrary a(7) and ¥, transform into the FLRW of Eq.9:

7 (~(1+2w) 0 (-1 0
f"ﬁ‘A( 0 (1+2¢)—1)A‘(0 aZ)’ 25)
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In other words, these two metrics are the same:

2
—(1+2T)dr2+li+H2+r2dAi = —dr+d? [d)(z + deAi] (26)
So a generic spherically symmetric in-homogeneous metric can look
like the homogeneous FLRW metric in comoving coordinates. And
a general FLRW metric can be cast in proper coordinates. The ex-
pression for ¥ = W(¢,r) and ¢ = t(7, y) or T = 7(¢,r), depends on
a(t). Fora(t) = e™Ha (i.e. H = Hy) we have ¥ = @ and

1 2 2.2
t:t(T,X):T—Eln[l—HAa)(], 27

where r < rp = 1/Hp, which reproduces dS metric. In comoving
coordinates the metric is inflating exponentially: a = e7"2 | while in
proper coordinates it is static. Fig.2 illustrates how this is possible and
shows 7 = 7(¢,7) (see Mitra 2012 for some additional discussion).
The remarkable frame duality of Eq.26, from a comoving time frame
to a proper SW frame, is a new result as far as we know, and a key
ingredient to interpret our new physical BH solution.

4 BLACK HOLE SOLUTIONS
4.1 False Vacuum Black Hole (BH.fv) solution

Eq.20 and Eq.21 are the simplest solutions to EFE. They both corre-
spond to some form of empty space. We can use the same physical
models to explore the simplest physical BH interior:

Vo for r > rgw

V() +A for r < rsw (28)

p=-pP= {
where A > 0. To recover BH.SW solution outside, we need A =
—81GVj so that py = 0. But in a realistic situation, on larger scales
the BH.SW metric should be considered a perturbation of FLRW
background, e.g. Eq.17. It is straightforward (but tedious) to present
the solution in this way. We take C; = 0 in Eq.18 to avoid singular
solutions. The solution to Eq.18 (which we called BH.fv) is then:

for r >rgw =2GM

Cow | Crswr
20 =2% = { —r2H/2\ for r <rgw =ra = 1/Hp (29)
where: pp = ppg =Aand M = ‘%réw A. This has no singularity

at r = 0. Note how, contrary to what happens in the BH.SW, in
the BH.fv solution, the metric components don’t change signature
as we cross inside rgy . In both sides of gy, we have constant but
different values of p and p. This comes from energy conservation
in Eq.19. There is a discontinuity (d,p = oo and d,p = o) at
2® = —1 where r = rgw , in agreement with Eq.19, but the metric
is static and continuous at rgy . This solution only happens when
rsw = (87GA/3)~1/2. The smaller A the larger and more massive
the BH. In the limit A = 0, we have rgyy = oo and we recover
Minkowski space, as expected.

At a fixed location, the scalar field ¢ inside the BH is trapped in a
stable configuration (p = V) +A) and can not evolve (K = 0 in Eq.7).
The same happens for the field outside (see Fig.1). A FV in Eq.28
with equal A but with smaller initial radius » = R < rgywy is subject to
a pressure discontinuity at » = R which is not balanced in Eq.19 and
results in a bubble growth (Aguirre & Johnson 2005). Such boundary
grows and asymptotically reaches R = rgw (see top panel of Fig.2,
Fig.3 and Eq.41). The inside of rgyy is causally disconnected, so the
pressure discontinuity does not act on r = rgy , which corresponds
to a trapped surface.



4.2 Black Hole Universe (BH.u) solution

We will look next for solutions to the metric of Eq.15 where we also
have matter p,; = p(, r) and radiation pg = pr (¢, r) inside:

=%
t,r =
plt.r) { Vo+A+pm+pR

for r > rgw

for r < rsw (30)

with p = =Vy — A + pr/3 # —p inside. This means 9;® # 0 and
u # 0: the fluid inside has to move relative to SW frame of the outside
observer 3. For r > rgy , the solution is the same as Eq.29. For the
interior we define: 2® = —r2H2(t, r), so that:

20(1,7) = { BEHE

for r > rgw =2GM

for r <rsw =1/HA (D

where rgw = 2GM = 1/Hj as before. We can find the interior
solution with a change of variables of Eq.24-26. The solution to Eq.31
is then H(t,r) = H(7). Given some p(7) and p(7) in comoving
coordinates in the interior of a BH we can use Eq.12 with py =
A= 3r§€v /87G to find H(7) and a(t). We call this a BH universe
(BH.u). To complete the solution, i.e. to find ¥ and 7 = 7(¢,r),
we need to solve Eq.24 with 2d = —r2H2 (7). For H(t) = Hy the
solution is ¥ = @ and Eq.27. The flat FLRW metric with H = Hp
becomes dS metric in Eq.21 as in the BH.fv solution.

Given T, in Eq.10 we can find fa,/g in the proper frame using the
inverse matrix of Eq.24: Taﬁ = (A‘l)g(A_l)ET#,,:

jo__P=p2® s _p-p2®
0 1+20 ° 17 1+20

which is independent of ¥. Comparing to Eq.4 gives the velocity in
the proper frame u? = —2® = r2H2, which is just the Hubble law.
The Lorentz factoris y = (1 + 20)1/2 50 that ydr gives the proper
length, in agreement with Eq.15.

Solution H(t,r) = H(t) inEq.31 is valid forall » < rgw = 1/Hp
because H(7) > H,. We can see this by considering outgoing radial
null geodesic in the FLRW metric of Eq.9:

* dr ®  da 1
- = = —_— < —= 33
Four = (1) /T a(m ¢ -/a H@ Hy SV &)

which shows that signals can not escape from the inside to the outside
of the BH.u. But incoming radial null geodesics a(7) fOT a‘f:) can
in fact be larger than rgw if we look back in time. This shows that
inside observers are trapped inside the BH.u but they can nevertheless

observe what happened outside (Gaztafiaga & Fosalba 2021).

(32

4.3 Junction conditions

We can arrive at the same BHU (BH.fv and BH.u) solutions using
the junction conditions of Israel (1967). Here we follow closely the
notation in §12.5 of Padmanabhan (2010). We will combine two
solutions to EFE with different energy content, as in Eq.30, on two
sides of a timelike hypersurface ¥ = M_ N M,. The inside g_ is
FLRW metric (or dS metric for H = Hy) and the outside g is
BH.SW metric. This is similar to the case §12.5.1 in Padmanabhan
(2010) with the difference that we use k = O (instead of £k = 1) and
consider a general FLRW solution a(t) with A, p,, and pg (instead
of a pressure-free dust model without A.). This is relevant to provide
the limiting trapped surface rgw = \/3/_A We define X to be fixed
in comoving coordinates at y = rgw , so 2 only depends 7 (here we
fix a = 1 when y = rgw ). For the outside SW coordinate system,

3 This makes physical sense. Specially because the outside observer has no
way to see inside. In general, T}, could also be anisotropic.
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>, is described by r = R(7) and t = T(1), where 7 is the comoving
time in the FLRW metric. We then have:

dr = Rdt ; dt =Tdr, (34)

where the dot refers to derivatives with respect to 7. The induced
metric s— on the inside of X_ with y¢ = (7, 6, 6) and fixed y = rgw,
is:

ds: = h_gpdy®dy® = —dv® + a®(1)ry, dA? (35)
has to agree with /., the BH.SW metric outside at X,:
—Fdt* + F'ar? + r*dA? = —(FT? - R?*/F)dr* + R*dA?  (36)

where F = 1 — Z5%_ The matching condition h_ = / is:

R(t)=a(t)rsw ; FT =VR2+F = B(R,R) 37

Thus, for a given FLRW solution a(7) we know both R and . The
extrinsic curvature K1 normal to X from each side is:

1
K. =0 ; K% =K% =-
- 0T argy
ki =5 K% =KZs = —% (38)

Thus, the second matching condition K = K, requires 8 = 1, which
using Eq.37 results in:

R = RZHZ:—'SRW (39)
1

dR
= T=| ——m8M— 40
1 - R2H? /HR(l—HZRZ) “0)

This results in 2% = 2® = —H2R2 = —rgw /R in the junction ¥
(same as Eq22 for H = Hy). This is a generalization of dS space for
arbitrary a(7): 2¥ = 2@ = —R?/r2, with ryy = 1/H (7). The critical
density inside g, corresponds to that of a BH: from Eq.39 we have
H? = rgw /R = 87Gp/3.

This X junction grows and tends to rgy = 1/HA. It takes T = oo
in the SW time of Eq.40 to asymptotically reach rgw = 1/Hx (see
Fig.2). In this limit, Eq.39 reproduces the BH.u junction of Eq.31
(and the BH.fv junction of Eq.29 for constant H = H) ). Before that,
the BHU junction is not static (not even in the SW frame) as H decays
into Hx when R grows to rgy . Despite the discontinuity in p atrgwy,
the BHU metric and extrinsic curvature are continuous when we join
them with the expanding timelike hypersurface of X. This proofs that
the BHU metric is also a solution to EFE and there are no surface
terms in the junction (see Eq.21.167 in Misner et al. 1973). This does
not require that both of the joined metrics have identical Riemann
tensor or associated invariant scalars.* The A term corresponds to
a trapped surface rgw = 1/H in the FLRW (or dS) metric which
matches the horizon of a BH in empty space (see Fig.5).

4 This was questioned by two anonymous referees from Physical Review
Letters (PRL), who recently rejected a preprint version of this same analysis
(Gaztaiiaga 2021a). Ref-A found that these results warrant publication in PRL.
Ref-B said: "I do not think the solutions presented are valid, and I still contend
that a valid solution would require peculiar matter at the junction, which would
be contrived". Ref-C agreed and added: "the Kretschmann scalar could reveal
discontinuities" so the analysis "lacks a sufficiently firm foundation to be
useful to research in this area". The solution to Eq.38 in Eq.39 demonstrates
that there are no surface terms in X. The Kretschmann scalar is different for
the BH.SW and FLRW metrics because T}, is different, but this has nothing
to do with the junction condition for X. ArXiv refused to publish this paper (as
well as the preprint version of Gaztafiaga 2020; Gaztafiaga 2021b) because it
"does not contain sufficient original or substantive scholarly research". This
of course is just an unjustified opinion (see darkcosmos.com).

MNRAS 000, 1-10 (2020)
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Figure 3. Illustration of the interior dynamics of a BHU. The junction R =
a(71)rsy (black disk) grows towards the SW radius R = rsw (dashed red
circle). The inside of R = a(7)rs,, is dS or a FLRW metric (dominated
by negative pressure: p = —p) while the outside is empty (o5 = 0) BH.SW
metric, a perturbation around a FLRW background with other BHs and matter.

4.4 Evolving junction: internal BH dynamics

The junction conditions indicate that the division between interior
and exterior solutions in Eq.29 and Eq.31 is not necessarily rgw ,
which is the limiting case. This is illustrated in Fig.3. That both the
metric and the external curvature are continuous at R shows that
there are no surface terms and the join metric is a solution to EFE
(see Eq.21.167 in Misner et al. 1973). The energy-momentum tensor
T,y corresponding to this solution has a discontinuity (as expected
fora BH): pp = —pp # O0forr < Rand pp =0 forr > R.

Inside the physical BH we have an expanding junction: r = R(71) =
a(t)rsw . Because R(1) < rgw is always inside rgyy, the external
SW observer can not distinguish this evolving junction from the
limiting static one r = rgw . This is why we chose to express the
solution this way. The junction R(7) grows and asymptotically tends
to rgw as shown in Fig.3. This happens at a finite comoving time 7
as in the top panel of Fig.2. The exact function depends on the form
of a = a(t). For constant d¢/a = H = Hx = 1/rgw, the solution can
be expressed analytically as:

R(7) = Rye™™ = Hr(T=78) 1o, “n

where we have chosen a = 1 when R = rgy, . We start with a finite
size R = Ry = agrsw at T = 0, where ag = e~ AN After TAH)
e-folds, Ry grows into R = rgyw . This inflation stops asymptotically
at T = 1A = —rgw Inag. We can think of Ry as a quantum size (FV)
fluctuation of energy pp = A, which (in empty space) will inflate to
size rgw = 1/Hp = (87GA/3)~1/2,

This new solution to EFE is not just an arbitrary matching of two
other random solutions. It is a new solution of a new physical con-
figuration given by the energy content in Eq.30. This configuration
corresponds exactly to our definition of a generic physical BH. The
one we set to find in the introduction and whose horizon separates
two regions with different matter-energy content. The same horizon
defines the junction of two well known solutions to EFE.

5 IMPLICATIONS FOR OUR UNIVERSE

The BH.fv interior, dS metric, can be transformed into a FLRW
metric with constant H = H. This frame duality provides a new
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interpretation for the BH.fv solution in Eq.29. This is not only a
solution for a BH inside a universe. The inside comoving observer,
sees this solution as an expanding inflationary universe inside a BH,
even when the metric is static in proper coordinates and r = rgy is
fixed. The same happens with the BH.u solution of Eq.31, which is
equivalent to a child FLRW in the interior.

Recall how the outside BH.SW solution should be considered a
perturbation of a parent FLRW in Eq.17. So we have two nested
FLRW metrics which are connected with the BHU. Each one could
have a different effective p (or FV). So could our universe be a child
FLRW metric? The fact that we have measured p, # O provides a
strong indication that this is the case. It is hard to explain what A
means or the coincidence problem otherwise (see below).

The change of variables in Eq.24 is only valid for proper coor-
dinates that are centered at the center of the BH location. But in
the transformed (comoving) frame of Eq.26 any point inside is sub-
ject to the same expansion law with equal a(7). From every point
inside de BHU, comoving observers will see an homogeneous and
isotropic space-time around them. At least all the way back in time to
rsw = 1/Hp, which is in their distant past. All points inside the BH
were at the center in their distance past (just as in the homogeneous
expanding universe). Even if all points inside see an homogeneous
expansion, as they look back in time from a position that is off cen-
tered, some regions of the sky will be closer to the past horizon than
others. This could result in some significant deviations from isotropy
and homogenety on the largest scales. Regions outside the trapped
surface could see a similar background but with uncorrelated fluctua-
tions that fit different parameters. Such deviations have already been
measured in the form of large scale CMB anomalies and variations
of cosmological parameters (see Fosalba & Gaztaiaga 2021).

Note how we can have FVs inside other FVs (see Fig.1). So we
can have BHs inside other BHs or FLRW metrics inside other FLRW
universes. Mathematically this looks like a Matryoshka (or nesting)
doll or a fractal structure. But physically, in the common SW frame,
each BH has a different mass and therefore different physical proper-
ties. The child FLRW BHU have smaller mass (and larger FV) than
the parent BHU. A BHU of one solar mass can have a FLRW metric
inside but this inside will not have any galaxies and is going to be
very different from that in a M ~ 5.8 X 1022M@ BHU, like ours,
which contains billions of galaxies and BHs of many different sizes.
So each BHU layer could be physically quite different from the next,
unlike Matryoshka dolls or fractal structures.

5.1 The evolution of the BH universe

How did the universe evolve into the solution of Eq.31? This is an
important question. It is not enough to find a solution to EFE. We
need to make sure that such a configuration can be achieved in a
causal way. Without A, the FLRW universe has no causal origin: the
Hubble rate (in Eq.12) is the same everywhere, not matter how far,
and this is not causally possible. The comoving coordinate y = rgw
that fixes the junction in §4.3 above can be identified as the causal
horizon yg in the zero action principle (Gaztafiaga 2021b). In the
FLRW Universe, the Hubble Horizon rg is defined as ry = ¢/H.
Scales larger than rg cannot evolve because the time a perturbation
takes to travel that distance is larger than the expansion time. This
means that r > rg scales are "frozen out" (structure can not evolve)
and are causally disconnected from the rest. Thus, ¢/H represents a
dynamical causal horizon that is evolving.

The standard evolution of our universe is shown in Fig.4. Note
that here we choose a = 1 now, as opposed to Fig.3 where a = 1
corresponds to R = rgw . It turns out that both are not so different
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Figure 4. Comoving (top) y and proper (bottom) R = a(t)x coordinates
in units of ¢/Hy as a function of cosmic time a (scale factor). The Hubble
horizon ¢/H (blue continuous line), is compared to the observable universe
ayo after inflation (dashed line) and the primordial causal boundary x5 =
c/(a;H;) (dot-dashed red line). Larger scales (green shading) are causally
disconnected, smaller scales (yellow shading) are dynamically frozen and
shrinks to zero in comoving coordinates during dS phases. After inflation
c/H grows again. At a ~ | the Hubble horizon reaches our event horizon
rsw =c¢ / H, A-

(the so call coincidence problem in cosmology). A primordial field
¢ settles or fluctuates into a false (or slow rolling) vacuum which
will create a BH.fv with a junction X in Eq.35, where the causal
boundary is fixed in comoving coordinates and corresponds to the
particle horizon during inflation y§ = c¢/(a;H;) or the Hubble hori-
zon when inflation begins. The size R = a(r)yg of this vacuum
grows and asymptotically tends to rgy = ¢/H following Eq.39 with
H = H;. The inside of this BH will be expanding exponentially
a = e"Hi while the Hubble horizon is fixed 1/H;. Accooring to stan-
dard models of primordial inflation (Starobinskﬁ 1979; Guth 1981;
Linde 1982; Albrecht & Steinhardt 1982), this inflation ends and
vacuum energy excess converts into matter and radiation (reheating).
This results in BH.u, where the infinitesimal Hubble horizon starts
to grow following the standard BB evolution.

Note that the inflation in the BH.fv solution (i.e. Eq.41) stops
naturally at cosmic time 7; = —Hl._1 In y§H; (see Fig.2) when proper
distance is r = a(7)xs = 1/H;. In standard models of primordial
inflation, H; is much larger that H so that 1/H; is much smaller than
1/HA. So a quantum FV fluctuation A only grows to a maximun size
R =rsw = (87GA/2)~'/2 = 1/H;. Something else has to happen
if we want the size to become cosmological. It could be reheating
or some other mechanism. Quantum tunneling into smaller A (see
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Fig.1) also produces larger 75y . Matter and radiation can also appear
some other ways: from the original quantum fluctuations, quantum
tunneling from/to other FV or infall of matter from outside (see
§6.3-6.4). Regardless of these details, yg remains the causal scale for
the original BH.fv inflation in Eq.41. Recall that the BH.fv solution
requires a discontinuity in pp = 0, so this BH.fv evolution happens
with independence of what we assume about A in EFE. A causal
boundary in empty space generates a boundary term in the action
that fixes the value of A to A = 471G < p + 3p >, where the average
is over the light-cone inside yg (Gaztafiaga 2021b). This A represents
a trapped surface for the emerging BH.u universe. >
The observable universe (or particle horizon) after inflation is:

4 dlna’
Xxo =xo(a) =
a

) TH(@) =xo(1) - y(a), (42)

where a, is the scale factor when inflation ends. For Qy =~ 0.7,
the particle horizon today is yp(1) =~ 3.26¢/Hy and y(a) =
fa ! dIna/(aH) is the radial lookback time, which for a flat universe
agrees with the comoving angular diameter distance, d4 = j. The
observable universe becomes larger than rgw = rp whena > 1, as
shown in Fig.4 (compare dotted and dashed lines). This shows that,
observers like us, living in the interior of the BH universe, are trapped
inside rgy but can nevertheless observe what happened outside. We
can estimate yg from py =< p;; /2 + pg >, where the average is
in the lightcone inside yg. For Q5 ~ 0.7 Gaztafiaga (2021b) found:
Xs = 3.34c/Hy which is close to yo today. But imagine that Qx
is caused by some DE component and has nothing to do with ys.
We still have that y§ < xo, because otherwise yg would have cross
RH =1 early on, resulting in smaller yo than measured (see Fig.4).

Thus, at the time of CMB last scattering (when d4 =~ x0), xs
corresponds to an angle 6 = yg/d4 < 1rad ~ 60 deg. So we can
actually observe scales larger than yg. Scales that are not causally
connected! This could be related to the so-called CMB anomalies
(i.e, apparent deviations with respect to simple predictions from
ACDM, see Planck Collaboration 2020b and references therein), or
the apparent tensions in measurements from vastly different cosmic
scales or times (e.g. Planck Collaboration 2020a).

6 DISCUSION & CONCLUSION

We have looked for classical non-singular GR solutions for the BH
interior. Our motivation is find a physical model and study if this
results in some different properties for observed BHs. The outside
manyfold M, of a BH is approximated as empty space so the so-
lution g4 is the BH.SW metric. Because the inside M_ is causally
disconnected, M, acts like a simple boundary condition. Given some
p and p inside rgy , we have solve EFE inside with such boundary
condition to find g_, the inside metric of a physical BH. To our sur-
prise we have found that g_ is just the well known FLRW, the same
metric that describes our universe! This frame duality, represented
by Eq.24, has several observational consequences, as we will discuss
below.

To impose the boundary at gy, we have use the same (proper) SW
coordinate frame that is not moving with the fluid so that TO1 # 0. This
results in a solution for M_ that is not static. We have verified Israel
(1967) conditions to double check that the join manyfold M_ U M,

5 This picture changes if the fluctuation BH.fv happens within a non empty
background. In such case we will just create a BH inside the larger universe,
which is dominated by its own A and matter contend. See §6.3 below.

MNRAS 000, 1-10 (2020)
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is also a solution to EFE and there are no surface terms (see §4.3).
This is different from just matching two random metrics. We have
find T}, inside and outside the physical BH and we have found what
the BH mass M means (see §6.5 below).

A key point in these new solutions is the concept of FV energy (see

§2.1 and Fig.1) and the fact that there is a FV or p, discontinuity
at r = rgw (which could also be understood as a boundary to the
Einstein-Hilbert action, Gaztafiaga 2021b). The relativistic version
of Poisson equation comes from the geodesic deviation equation (see
Eq.12 in Gaztanaga 2021b):
Vugh = % + %@2 = Ryyut'u” = A —42G(p +3p) (43)
where g is the geodesic acceleration (Padmanabhan 2010). This is
the same as the Raychaudhuri equation for a shear free, non- rotating
fluid where ® = V,,u” and s is proper time. The above equation
is purely geometric: it describes the evolution in proper time of the
dilatation coefficient © of a bundle of nearby geodesics. This is valid
for a perfect fluid in a general metric. Note how p < —p/3 (or
pa > 0) produces acceleration (a repulsive gravity) and therefore
expansion. This is the physical mechanism that explains how a FV
(which has p = —p) avoids the classical singularity theorems in GR
(see Senovilla 1998 and references therein). We can add both matter
and radiation to both sides of rgyw and we still have a BHU solution.
The BHU connects two FLRW metrics (see Fig.5).

6.1 False Vaccum BH solution (BH.fv)

BH.fv corresponds to constant FV discontinuity (Eq.28) with dS met-
ric inside (Eq.29). dS metric has a trapped surface at r = rgy which
matches the BH.SW event horizon. A constant density (or negative
pressure) corresponds to a centrifugal force, 20 = —(r/ rSW)2 that
opposes gravity, 2d = —rgw /r, i.e. Eq.18. The equilibrium happens
when both forces are equal, which fixes r = rgy, and correspond to
stable circular Kepler orbit. The BH mass M is just ppg = A.

Similar solutions have been known for a while (e.g. Easson &
Brandenberger 2001; Daghigh et al. 2000; Firouzjahi 2016; Oshita
& Yokoyama 2018; Dymnikova 2019), such as the gravastar (Mazur
& Mottola 2015) or bubble/baby universes (Aguirre & Johnson 2005;
Kusenko et al. 2020). The BH.fv solutions here is not just a mere
matching of the BH.SW and dS metrics, but a proper solution to
Einstein’s Field Equations (EFE) that fits our definition of a physical
BH. We have also shown in §4.3 that there are no surface terms in
the junction, X, which is a timelike expanding hypersurface. This is
different from the gravastar model (which has matter in the surface)
or the anisotropic models with negative radial pressure (Brustein &
Medved 2019; Dymnikova 2019).

6.2 The BH universe solution (BH.u)

In our second solution (Eq.31), the BH interior is the FLRW metric.
This BH.u solution is new, as far as we know. As discuss in the
introduction, previous attempts were not proper solutions (Pathria
1972; Knutsen 2009) or did not include radiation or A (Stuckey
1994). We can have other BHs, matter and radiation inside a BHU
within a larger space-time. The inside needs to be expanding as in the
FLRW metric of Eq.9, with the same trapped surface given by pa.
This holds the expansion and balance gravity at rgy as in the BH.fv
solution. The join solution (Eq.31) is also a solution to Einstein’s field
equations as the two metrics reduce to the same form on a junction
of constant y = rgw in Eq.35, and the extrinsic curvature in Eq.38
is the same in both sides. The junction conditions indicate that the
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ds 22
Metric 2® = —r*/rgy

Figure 5. Time slice (dt = 0) representation of ds? = (1+2®) "' dr2+r2d 6>
(polar coordinates) for Minkowski (@ = 0, flat), BH.SW (2® = —1/r, singular
at 7 = 0), and dS 2® = —r2, singular at = oo) metrics. In the dS metric
representation we use 1/r as radius, so that it becomes flat at infinity. The
dashed lines also correspond to geodesics or particle orbits. The BHU classical
solution to GR has two nested FLRW metrics and no singularities. Note how
this is very different from joining the BH.SW and dS metrics at the singularity
which is not a solution to classical GR.

division R(7) between interior and exterior solutions in Eq.29 and
Eq.31 is not necessarily rsy , which is the limiting case. The junction
R(7) grows and asymptotically tends to rgy as shown in Fig.3.

The exterior metric could also be FLRW, as the BH.SW metric can
be considered a local perturbation within a larger FLRW background
with arbitrary r = a(7) y in Eq.17. This is illustrated in Fig.5. In this
case we need to distinguish between two different effective px, the
one in the inside FLRW metric, po = A and the one for the outside
background, which should be smaller.

The solutions to the field equations are independent of the choice
of coordinates but Tﬂv (t,r) depends on the fluid motion (see Eq.32).
We used comoving coordinates (7, x), where the fluid is expanding
and the observed is comoving, to find the interior solution. But we
can then transform back to proper SW frame (¢, r), using the duality
transformation Eq.24, to find a full BH solution in Eq.31 that is
continuous in the metric and curvature at rgy , like in the BH.fv
case. Asin the singular BH.SW metric, outgoing radial null geodesics
cannot escape the event horizon, but incoming ones can enter (see
discussion around Eq.33). So the BHU solution is a physical BH.

6.3 BH formation

Another issue, which we only address partially here, is how such
physical BH solutions can be achieved (e.g. astrophysical and pri-
mordial BH formation) and if they can have a causal origin. A local
(quantum) fluctuation A could generate a physical BH solution be-
cause either ¢ jumps into a FV or because of the zero action principle
(see the Appollonian Universe in Gaztafiaga 2021b). Hubble dump-
ing of the kinetic energy K of a classical scalar field (see Fig.1) can
also result in a FV trapped field configuration. Such initially small
local discontinuity, with FV energy density A, will grow as Eq.41
until it reaches BH size corresponding to ppy = A. So A is the BH
density: the smaller A the larger the BH size and mass. Can we then
make a very massive BH out of a quantum fluctuation, for free? There
are some caveats to this. First, quantum fluctuation have a size given



by 7 so typical values of A are much larger than p in our universe.
Second, if A is small, there is a chance that ¢ could tunnel back to the
true vaccum (see Fig.1) before the BH grows to it’s SW radius rgywy .
Another caveat is that we have obtained these physical BH solutions
for empty space outside (i.e. when @ is a small perturbation within
a FLRW background of Eq.17). When rgw and M become large
compared to the background these solutions are not valid.

Could a BHU formed just from the final collapse of a dying star?
Instead of a forming a BH singularity (as usually assumed), such
collapse may just result into a large supernova (SN) explosion, where
most of the stellar mass disappears in the SN and only a white draft
or neutron star remains. Also a small BH could remain but it can not
be a BH.SW because this is non physical. If such small BH is a BHU,
quantum tunneling into smaller values of A will make the BH grow
as M o« A~1/2_ The SN explosion could also provide some kinetical
energy 0K = A needed for ¢ to jump into a higher FV (see Fig.1),
which will reduce M. This will trigger a BH.fv formation (so a new
expansion in Eq.41). All these are speculation as we need more detail
modeling to find how this happens. But the point we want to make
is that the BH interior is important for models of BH formation and
we can not just assume that a BH is a singular BH.SW metric inside,
because this is not physical. In Fig.1 we can see that BHU of very
different masses can be formed as the spectrum of A; values could
be quite broad if we allow V(¢) to be a superposition of many plane
waves. But, as we will show next, it is unlikely that BH mass can
grow from accretion, as it is usually assumed for BH.SW.

6.4 Gravitational Waves & Cosmic rays

Matter and radiation can infall inside the BHU solution. This re-
sults in a jump to the internal Hubble expansion rate ( AH/H =
M1 /(2M3)). Such jump will be diluted away by the same internal
expansion. This process is anisotropic by nature. So whatever we feed
a BHU with, it is converted into internal kinetic expanding energy.
For the outside SW frame this loss in the internal energy density, p,
corresponds to BH mass loss, M, which could results in a Gravita-
tional Wave (GW) and high energy cosmic rays, analogous to what
happens during the Hubble damping in re-heating. The size of the
signal could depend on the BHs spin and the anisotropy of the merg-
ing. If a BH or compact object of mass M| is accreted to a larger
BHU, with M, > M|, the mass M| behaves like dark matter. Within
a Hubble time, M| will be diluted away by the internal expansion
of M,, without change to its outside frame observed mass M;. In a
more general case, we could speculate that some of the energy from
M could be transfer as kinetical energy 6K to the ¢y, field trapped
in M», this 6K could also be Hubble damped, as in reheating, into
matter and radiation which will then also be diluted by the internal
BH expansion of M,. So again, no changes to M;. Only when 6K is
large enough to overcome the FV barrier (see Fig.1) the merger could
displace ¢ to different FV resulting in a new BH mass M larger than
M, but likely much smaller than My + M: My < M < My + M.
When M| = M, withidentical FV (¢, = ¢pr,) the final mass could
be closer to M| + M;.

Such BH binaries could provide observational evidence or rule
out the BHU solution. In the SW frame, the BH mass M, will first
increase to M, + M7 and then decrease backto My < M < M+ M.
The upper bound corresponds to a typical mass loss rate in the merger
(ignoring GW energy lost from spinnig and ringdown). The mass M
dilutes as a3 =~ =327 for dS expansion (slower rate when both
BH have similar mass), so that:

M
_aa < 3Hye 3H2T (44)
-
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where 7 is comoving time and H L = row = 2GM, is the internal
Hubble rate of M;. The external observer uses the SW frame (z,r).
Using the inverse matrix of Eq.24 and Eq.27 we have:

. _OM oM rH oM
T 0t T 0t 1420y Ay
where we assumed that M does not vary with y and we are far
from rgyw . This mass loss has to be compensated with some energy

emission in the form of high energy cosmic rays or GW, /W (r=¢f)
The typical amplitude |A]:

|h| = M ~ 2G_M <1071 M\ (Mpc) (3H, 32t (46
w wr "~ Mg r w

< 3Hye M2t (45)

where r is the luminosity distance. The observed frequency f, if
emitted at redshift z from us, is f = % so that:

3H,  3(2GMp)~!
2n(l+z)  2n(l+2)

Mo\ 1
~ 100 KH —_— — 4
00 Z(MQ) — @

f=

The characteristic amplitude spectral density strain is then:

10-19¢-1/2 (ﬂ) (Mpc) f22 2 48)
n(l+z) \Mo r f22 +f2

which is within LIGO sensitivity (Buikema et al. 2020). So this
predicts extra power with an exponential decay in the GW signal
right after each detected GW ringdown (Carcasona & Gaztanaga, in
preparation). This background is stronger at LISA mHz frequencies
(M ~ 10" Mg). This GW background could also be observed in the
CMB polarization (from tensor modes).

21210 s

6.5 What is M for a physical BH?

The BH mass M in the BHU is given by the FV excess energy A, so
that pggy in Eq.1is pgy = A and M = (3227G3A/3)"1/2. So the
larger A the smaller the BH mass and size. This is independent of the
matter and energy content that falls inside the BH (see §6.4). So M
in the BHU solution does not correspond to the actual total mass or
radiation inside, which is not observable from the outside, but should
instead be interpreted in terms of the FV energy excess A. This could
have implications for models of astrophysical BH formation (such as
Kormendy & Ho 2013) and primordial BH formation (e.g. Kusenko
et al. 2020 and references therein) which usually assume that BH
accretion and merging results in linear increase of the BH mass M.

6.6 Our universe as a BH

Both BH type solutions can be interpreted as a BH within our universe
or as an expanding universe inside a larger space-time. As pointed
out in the introduction, that the universe might be generated from
the inside of a BH has a long and interesting history. Knutsen (2009)
argued that p and p in the homogeneous FLRW solution are only
a function of time (in comoving coordinates) and can not change at
r = rsw to become zero in the exterior. This is an important point
and seems to contradict the BHU solution. The riddle is resolved
with A. Without A the FLRW universe can not have a causal origin:
the comoving density and Hubble rate are the same everywhere, and
this is not causally possible. A causal horizon yy fixes A (Gaztafiaga
2021b) which solves this problem and also generates an even horizon
Xs = rsw similar to that of a BH.SW: rgy . This allows for an
homogeneous FLRW solution inside rgyw thathas a p discontinuity
at rgw and looks in-homogeneous in the SW frame.

Homogeneity is therefore the illusion of the comoving observer
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inside 75 = rgw . The FLRW metric is trapped inside r < r, and is
then equivalent to an inhomogeneous spherically symmetric metric
of Eq.26. The FLRW metric is only homogeneous in space, but not in
space-time. A new frame where comoving time and space are mixed,
can break or restore this symmetry. The frame duality in Eq.24 is
only valid for proper coordinates that are centered at the BH location.
But in the transformed (comoving) frame any point inside the BHU is
subject to the same expansion law with equal a(t). From every point
inside de BHU, observers will see an homogeneous and isotropic
space-time around them. Just like in the universe around us.

6.7 Evidence for a BHU

We can sketch the evolution of our universe with this BHU model (see
Fig.3-4). In proper coordinates this solution has no BB (or bounce):
it is not singular at » = 0 or at 7 = 0, because we have a non-singular
BH.fv before we start the FLRW BH.u phase. The inside comoving
observer is trapped inside r < rgw = 2GM = 1/H, and has the
illusion of a BB. The space-time outside (the parent FLRW universe)
could be longer and larger than the BB estimates. We could have a
network of island universes with matter and radiation in between.

This also explains why our universe (or other island universes) is
expanding and not contracting. The initial fluctuation Hl.2 =81GA/3
could be expanding (H; > 0) or contracting (H; < 0). In the later
case it will either recollapse very quickly or it will else bounce into
expansion dominated by the repulsive gravitational force that results
from the negative pressure from constant A or A (see Eq.43).

We have other observational evidence that the expanding metric
around us is inside a BHU. We can recover the BB homogeneous
solution in the limit A = 0, where we have rgy = oo and pp = 0.
But we have measured pp > 0 (Qp =~ 0.7) which implies M ~ 5.8 X
1022M ¢ and rsw = c¢/Hy, as in the BHU. The causal interpretation
for ys, also explains the observed coincidence between p and oy,
today (Gaztafiaga 2020; Gaztafiaga 2021b).

If we look back to the CMB times, yg corresponds to ~ 60 de-
grees in the sky. The observed anomalies in the CMB temperature
maps at larger scales (Gaztafiaga 2020; Gaztafiaga 2021b; Fosalba
& Gaztanaga 2021; Gaztafaga & Fosalba 2021) provide additional
support for the annisotropies expected in the BHU model. There is
also a window to see outside our BHU using the largest angular scales
for z > 2 and measurements of cosmological parameters from very
different cosmic times. There is already mounting evidence for this
(e.g. Planck Collaboration 2020a; Riess 2019; Abbott et al. 2019).

If there are other island universes outside ours, Galaxies and QSO,
as well as BHs, could be accreted from outside r, into our BHU.
Because the horizon 1/Hy is so large, we can only see evidence of
those mergers at early times, during or right after the CMB, when
X subtends =~ 60deg. on the sky. Could this be related to rarely old
QSO or galaxies observed at high z? If our BHU merges with another
BHU which is few % smaller, we might be able to see such % glitches
in H(z) with current or future data, at z > 2 and very large angle
separation. Another possible observational evidence for the BHU
solution is outgoing high energy cosmic rays or GW background
signal from BH accretion or mergers within our BHU (see §6.4).
High energy cosmic rays have been linked with X-ray binaries and
AGNs, both hosting BH of different masses. Such GW background
signal could also be observable as CMB tensor fluctuations.

Fosalba & Gaztafiaga (2021) found variations in cosmological
parameters over large CMB regions. This is the largest reported
evidence for a violation of the Cosmological principle. Camacho &
Gaztafiaga (2021) found evidence for homogeneity and lack of corre-
lations in the CMB atr > r . This suggests that the underlying physi-
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cal mechanism sourcing the observed anisotropy encompasses scales
beyond our causal universe. Such observations indicate a breakdown
of the standard BB picture in favor of the BHU. Their Fig.31 shows
that the size of these regions follow the BHU relation between yg and
pa- This is consistent with the idea that our universe was accreted to
or created by a larger BHU.
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