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Causality, Randomness, and the Microwave Background
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Fluctuations in the cosmic microwave background (CMB) temperature are being studied with ever
increasing precision. Two competing types of theories might describe the origins of these fluctuations:
“inflation” and “defects.” Here we show how the differences between these two scenarios can give rise
to striking signatures in the microwave fluctuations on small scales, assuming a standard recombination
history. These should enable high resolution measurements of CMB anisotropies to distinguish between
these two broad classes of theories, independent of the precise details of each.

PACS numbers: 98.70.Vc, 98.80.Cq
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Modern experiments are producing a growing bo
of data on the fluctuations in the cosmic microwa
background (CMB) [1]. The origin of these fluctuation
may be due to defects [2,3] such as cosmic strings
textures, or an early period of cosmic inflation [4]. O
understanding of both pictures is sufficiently incomple
to allow a wide range of predictions from each [5,6
Recent calculations of degree scale anisotropies f
defects have focused on the case of a reionized the
history [7]. Here, we consider a standard recombinat
universe, and show how fundamental differences betw
the defect and inflationary scenarios can leave sufficie
different signals as to allow the high resolution CM
measurements to distinguish between them.

The history of radiation can be separated into th
epochs: At very early times (the “tight coupling” epoc
photons were tightly coupled to baryonic matter and
gether they behaved like a relativistic fluid in whic
pressure waves propagated atcy

p
3. As the universe

expanded this coupling weakened, eventually produc
today’s “free-streaming” epoch where photon-matter
teractions are negligible. These two epochs are linked
a “damping epoch” during which dissipation can diffu
perturbations [8–10]. We will focus our attention on th
first of these epochs.

Because of their quantum nature, inflationary mod
predict an ensemble of possible states for the Unive
and the ensemble of subhorizon pressure waves of
photon-baryon fluid in an inflationary model are depict
in Fig. 1 (for fixed wavelength). Note that the ensemb
is “phase focused,” so that the entire ensemble achie
zero amplitude at the same instant in time [11]. The
moments of zero amplitude occur at different times
different wave numbers, and the result is the striki
oscillatory behavior in the power spectrum at the end
the tight-coupling epoch (Fig. 2 , solid curve).
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In contrast, cosmic defects will drive subhorizon pres
sure waves in a random manner which tends to destroy
phase focusing (see Fig. 3). In many realistic cases (su
as cosmic strings) we expect this effect to prevent an o
cillatory power spectrum from emerging (Fig. 2, dashe
curve). Figure 4 illustrates how these differences tran
late into observable features in the microwave sky. F
other cases (such as cosmic texture) the phase deco
ence of the evolving defect network is less effective, bu

FIG. 1. Perturbations from inflation: Evolution of two
different modes during the tight coupling era. While in (a
elements of the ensemble have nonzero values ath?, in (b),
all members of the ensemble will go to zero at the final tim
(h?), due to the fixed phase of oscillation set by the “growin
solution” initial conditions. They axis is in arbitrary units.
© 1996 The American Physical Society 1413
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FIG. 2. The rms value ofdr evaluated at decoupling (h?) for
inflation (solid) and cosmic strings (dashed). For this figure w
use F00 ­ f1 1 2skhd2g21, FD ­ 1yf1 1 s2pykhd2g2, and
hc ­ hys1 1 khd.

still the oscillations are of sufficiently different origin to
leave a telltale signature [12,13].

We now treat each of these points in more technic
detail. We evolve the radiation and matter fluids fro
some early epoch up to the time of last scatteri
and examine the processes which create or destroy
characteristic oscillations at decoupling. The calculati
of the angular power spectrum (Fig. 4) involves addition
physics and is treated in a companion Letter [13].

FIG. 3. Perturbations from defects: Evolution ofdrskd and
the corresponding sourceQ00 during the tight coupling era (QD
is not shown). Two members of the ensemble are shown, w
matching line types. Because of the randomness of the sou
the ensemble includes solutions with a wide range of valu
at h?. Unlike the inflationary case (Fig. 1) the phase of th
temporal oscillations is not fixed. They axis is in arbitrary
units, and the source models are the same as for Fig. 2.
factor hay Ùa allows one to judge the relative importance (ove
time) of theQ00 term in Eq. (2).
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We work in the synchronous gauge, and use t
variables of Ref. [14], extended to include a baryon
component. In Fourier space these are

Ùt00 ­ QD 1
1

2pG

µ
Ùa
a

∂2

Vr Ùsf1 1 Rg , (1)

Ùdc ­ 4pG
a
Ùa

st00 2 Q00d

2
Ùa
a

µ
3
2

Vc 1 2f1 1 RgVr

∂
dc

2
Ùa
a

2f1 1 RgVrs , (2)

s̈ ­ 2
ÙR

1 1 R
Ùs 2 c2

s k2ss 1 dcd . (3)

Here tmn is the pseudo-stress-tensorQD ; ≠iQ0i , Qmn

is the defect stress-energy,a is the cosmic scale factor,
G is Newton’s constant,dX is the density contrast, and
VX is the mean energy density over critical density o
speciesX (X ­ r for relativistic matter,c for cold matter,
B for baryonic matter),s ; 3

4 dr 2 dc, R ­
3
4 rByrr , rB

andrr are the mean densities in baryonic and relativist
matter, respectively,cs is the speed of sound, andk is the
comoving wave number. The dot denotes the conform
time derivative≠h .

The evolution described by these equations is very d
ferent for the two classes of theories we are considerin

FIG. 4. Angular power spectrum of temperature fluctuation
generated by cosmic strings (dashed) and arising from a typ
model of scale invariant primordial fluctuations (solid) in
arbitrary units. The all-sky temperature maps are decompo
into spherical harmonicsDT

T ­ al
mYl

m from which one defines
the angular power spectrum asCl ­ 1

2l11

Pl
2l jal

mj2. The shape
of the string curve forl & 100 (and thus the height of the peak)
is very sensitive to existing uncertainties in string network
We show only the scalar contribution, in arbitrary units. Th
string curve is from [13] where we use an extended H
Sugiyama formalism.
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Consider first perturbations of aprimordial origin, such
as inflation, with no defects (Qmn ­ 0). At reheating, all
modes of interest are outside the horizon, with rando
phases and amplitudes chosen from some Gaussian d
bution. On these superhorizon scales the radiation ov
density has one growing and one decaying solution (
example, in an inflationary model these behave ash2 and
h22 in the radiation-dominated epoch). Just before ho
zon crossing these perturbations from inflation (and, mo
generally, most perturbations set by “initial conditions
will be dominated by the growing solution. If horizon
crossing occurs in the tight-coupling epoch the growin
solution will match onto a temporally oscillating solution
a pressure wave in the relativistic fluid.

The matching of a superhorizon pure growing mode
the subhorizon pressure wave forces the wave to hav
unique temporal phase (for a given modek) across the
entire ensemble. For example, in Fig. 1(a) we see
evolution of several members of the ensemble for a spec
k. For each realization (or member of the ensemble) t
pressure wave has exactly the same phase. In Fig. 1
we pick another value ofk for which, regardless of which
element of the ensemble we take, alldrskd lie on a node at
h?, the end of the tight-coupling epoch. Figure 2 show
the resulting rms ofdrsk, h?d (solid curve) for a range of
k. The superhorizon growing condition givesdrsh?d ­ 0
only for particular values ofk, and the net result is the
oscillatory spectrum above.

For cosmic defects the story is very different. In th
case Eqs. (1)–(3) are sourced by the functionsQ00sk, hd
andQDsk, hd (see, for example, [15]). Defects evolve i
a highly nonlinear manner, and nothing short of a larg
three-dimensional numerical simulation can be expec
to give a Qmnsk, hd correct in every detail [14,16].
Here, we resort to a simplification which we expect
be a good approximation to the true defect evolutio
and which certainly allows us to illustrate our mai
points.

We are interested in evaluating the radiation pow
spectrum at decoupling and therefore need not conc
ourselves with detailed knowledge of the statistical pro
erties of the defect network. It suffices to model correct
the one- and two-point correlation functions of the d
fect stress-energy. In Fourier space this means mode
the equal andunequaltime correlation functions ofQ00

andQD. (We will assume zero cross correlation betwee
the two source functions, a freedom we can take wit
out violating defect stress-energy conservation.) Let
construct functional forms for the equal time correlation
first: Scaling of the network will restrictkjQ00sk, hdj2l ­
1
h F00skhd, where causality ensures thatF00 ~ skhd0 on
large scales (kh ø 1). The covariant conservation of the
defect energy-momentum tensor forceskjQDsk, hdj2l ­
s1yh3dFDskhd, whereFD ~ skhd4 on large scales. De-
pending on the type of defect,F00 andFD will have dif-
ferent behavior on small scales; for cosmic strings,F00 ~

skhd22 on scales smaller than a fraction of the horizo
m
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[17], while for textures the turnover occurs on scales
order the horizon, and has a much steeperskhd24 behav-
ior [18]. (The caption to Fig. 2 gives one choice for the
functions which models cosmic strings.)

Next, we note that theunequal time correlation func-
tions [such askQ00sk, hdQ00sk, h 1 Dhdl] will go to
zero at some finite value ofDh characterized by a “co-
herence time”hcsk, hd. The lack of long-time coherence
is due to the fact that each mode is coupled in a hig
nonlinear way to all the others. To a first approximatio
this coupling may be thought of as producing “random
kicks to a given mode, driving the unequal time correl
tion function to zero.

Using only the equal time correlation function and th
coherence time we construct an ensemble of realizati
of Q00sk, hd [and similarly QDsk, hd] in the following
way: At the initial time hi we choose a value for
Q00sk, hid from a Gaussian distribution with varianc
given bykjQ00sk, hidj2l. We next choose a time step from
a distribution with mean valuehc, and choose a value
for Q00 at the new time, again from a distribution wit
variance given by this equal time correlation function
the new time. We continue this process until the final tim
is passed, and construct a smooth function using a cu
spline. The process is repeated many times to produce
ensemble of source histories.

All that remains is to choose initial conditions for th
remaining variables of Eqs. (1)–(3), and here causa
comes in. The formation of defects is assumed
occur against a completely homogeneous and isotro
background. It occurs in a finite time, and so is limited b
causality to move matter only a finite distance (of ord
the horizon at the defect-producing phase transitio
This translates into strongk2 suppression oft00 on
large scales (see Refs. [14,19,20]). To reflect this
choose initial conditions witht00shid ­ 0 for all k.
For a given initial defect source,t00 ­ 0 implies a
“compensating” perturbation in the radiation and da
matter on large scales. The advantage of this formulat
of the perturbation equations is that with such a choice
initial conditions, the compensating physical constrain
are built-in and require no further attention.

Figure 3 shows the evolution of thedr in a cosmic
string scenario, with the corresponding source evolut
for each realization. The model is sufficiently incohere
to produce random phases in the pressure waves. Cos
string networks are not well enough understood to dict
precisely the functionsFD,00 and hcshd. We have
explored a range of choices for these functions sugges
by string simulations, and have found that they all ha
enough small scale power [and a small enough typi
coherence timehc (even the rather conservative choic
hc ­ h does not give oscillations)] to be well inside th
decoherence-dominated regime [21]. Thus in all the
cases the power spectrum of the radiation at decoup
(the dashed curve in Fig. 2) does not show the oscillat
features found in the inflationary curve.
1415
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A particular high-coherence limit [taking
Q ­ skjQsk, hdj2ld1y2] has been explored by other
in the context of the cosmic textures [12,18]. The mode
they used to calculate the microwave sky include no
of the decohering effects we discuss here and, natura
enough, oscillations are produced. Crittenden and Tu
[12] motivate the high-coherence limit by showin
various correlation functions (including ones similar t
Fig. 2) measured in large numerical simulations. T
texture simulations show significant oscillations, indica
ing that a high level of coherence is present.

After the damping era, the CMB photons strea
towards us and inhomogeneities indr on different scales
k will be converted into anisotropiesDTyT seen today
on different angular scales. Gravitational perturbatio
between the surface of last scattering and now will a
on further anisotropies, but only on angular scales larg
than the ones affected by the pre-h? physics. Hence the
l . 100 angular power spectrum will project into ou
sky thedrsk, h?d peak structure, the so-called “Dopple
peaks” (softened somewhat by the effect of the radiati
fluid’s velocity). In [13] we account for all these effect
by extending the formalism of Hu and Sugiyama [22]
include defects.

As an illustration, Fig. 4 gives the angular powe
spectrum of the brightness of the microwave sky f
the standard CDM inflationary model and one of th
string-based models considered in [13]. The string cur
exhibits complete suppression of the secondary Dopp
peaks, a signal which should be easily resolved by hi
resolution experiments (such as COBRASySAMBA [23]).
Although the degree of secondary peak suppression
depend on the details of the defect model [13], we ha
found that realistic string models all appear to achie
complete suppression [21]. We emphasize that the sh
of the string curve at lowl and the peak position are stil
subject to uncertainty [13,21]. This is particularly tru
of the peak height, which is uncertain within an order
magnitude.

We have seen how the high degree of coherence wh
is present in inflationary scenarios (and some defect s
narios) leads to phase focusing of the subhorizon press
waves. This effect leads to “secondary Doppler peak
in the angular power spectrum. For defect scenarios
random effects of nonlinear defect evolution tend to d
cohere this focusing. Models representing cosmic strin
exhibit a striking suppression of the secondary Dopp
peaks in the angular power spectrum. Even in cases wh
are not so extreme, we expect that the decohering effe
will lead to distinct observable signals in the angular pow
spectrum.
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