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The effect of anisotropic stress and non-adiabatic pressure perturbations on the
evolution of the comoving curvature perturbation
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We derive the equation for the evolution of the curvature perturbation on the comoving time
slice, R, in the presence of anisotropic and non-adiabatic terms in the energy-momentum tensor of
matter fields. The equation is obtained by manipulating the perturbed Einstein’s equations in the
comoving time slice. It could be used to study the evolution of the comoving curvature perturbations
for systems with an anisotropic energy-momentum tensor, such as in the presence of vector fields, in
the presence of entropy, such as in a multi-field system, or in modified gravity theories. As a simple
application, after checking that the comoving time slice for a multi-field system does not coincide
with the uniform field time slice in general, we use the equation in the case of two minimally coupled
scalar fields and derive a closed set of equations for the curvature and entropy perturbations on the

comoving time slice.

I. INTRODUCTION

The theory of cosmological perturbations is very useful
to study the early stages of the Universe, especially dur-
ing inflation, that is, an exponential expansion phase of
the Universe which the standard cosmological model hy-
pothesizes to explain observations such as anisotropies in
the cosmic microwave background radiation (CMB). One
quantity which is particularly important in this context
is the curvature perturbation on the comoving slice, R..
In single field slow-roll inflation models this quantity is
conserved on super-horizon scales|l, [2], which has im-
portant implications on the relation between primordial
perturbations and late-time observables such as the CMB
anisotropies. For a globally adiabatic system in a single
field model this quantity may not be conserved [3]. Other
possible causes of the super-horizon evolution of pertur-
bations could be anisotropic stress or non-adiabatic pres-
sure components of the energy-momentum tensor.

In this short note we derive the equations for the cur-
vature perturbation on the comoving time slice, R, in-
cluding two terms, namely anisotropic stress and non-
adiabatic pressure terms, showing that they act, as ex-
pected, as source terms which can be relevant even on
super-horizon scales. Our approach is quite generic and
can be applied to any system which can be described
by an energy-momentum tensor of the form we use, not
only to a multi-scalar system but also a system with
vector fields. The derivation is based on manipulating
the Einstein equations in order to obtain an equation in-
volving only R., the anisotropic stress and non-adiabatic
pressure terms and background quantities. The equation
can be used to study phenomenologically the effect of
anisotropic stress tensor and non-adiabaticity without as-

suming any specific model. One useful application could
be to study models which violate the non-Gaussianity
consistency relation [4] that was derived in fact based
on the assumption of the conservation of the comoving
curvatue perturbation on superhorizon scales.

II. EVOLUTION OF COMOVING CURVATURE
PERTURBATIONS

The Einstein equations in a spatially flat Friedmann-
Lemaitre-Robertson-Walker (FLRW) background are

3H? = o2 P, (1)
2(H' —H?) = —-ad*(p+ P). (2)

Here a prime denotes a derivative with respect to the
conformal time 1 and H stands for the conformal Hubble
parameter defined by H = a’/a. p and P represent the
background energy density and pressure of the matter
field respectively. We use the units in which 87G = ¢ = 1.

Scalar perturbations on a spatially flat FLRW metric
can be written as

ds? = g2 [_(1 +24)dn? + 20, Bda'dn+

where the Latin indices run from 1 to 3. The correspond-
ing energy-momentum tensor takes the form :

P
T = —(p+op), T% ="

(P+6P)5"; + 107, (4)

Uj ,

T
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where

u; = ad;(v+ B), (5)

i ik Lo i
I, = §*00 - < ATIS,, T=0.  (6)

In the above equations II°; is the anisotropic stress,
v is the velocity potential, II is the anisotropy poten-

tial and we have defined XE §9;0;. Note that any
energy-momentum tensor can be decomposed according
to Eq. @), making all the results derived from it com-
pletely general and applicable to any system with a well
defined energy-momentum tensor, including muti-fields,
and modified gravity theories.

The curvature perturbation on the comoving slice R.
is a gauge-invariant quantity defined as the curvature
perturbation R evaluated on the hypersurfaces in which
v+ B vanishes. The spatial Fourier expansion of the lin-
early perturbed Einstein equations on the comoving slice
[5] takes the form :

2k?(Re — Hoe) = a?dp. (7)

R, —-HA. =0, (8)

2H — H)A, = a? [6Pc e, ()

o +2Ho, — Ae — R. = a1l , (10)

where 0 = E' — B is the scalar shear. In general we can
decompose the pressure perturbation as

6P. = c*(n) dpe + T, (11)

where we can interpret c; and I'. as the adiabatic sound
speed and the non-adiabatic part of the pressure per-
turbation respectively. For a minimally coupled single
scalar field model ¢; = 1 and T'. is zero, but in general
one would expect that I'. could be non-vanishing. Our
goal is to derive an equation for R. in the presence of
both anisotropic stress I1?; and non-adiabatic pressure
T'. perturbations.
First we use Eq. (8) to express A. in terms of R,

R/
= W .
We substitute this A, and 0P, given in Eq. () into
Eq. @), and solve it for dp, :

Ac (12)

1 /2
c — 5 _kQHc_Fc_
o c2 <3

S

P
%RQ) . (13)
We then insert this into Eq. (@) to get an expression for
O :

1 a® 2 p+ P
=R - g7 PR L T B
7 H{ 2k2c2 (3 H ﬂ
(14)

Finally we substitute A. and o. given by Eqs. (I2]) and
(@) respectively, into Eq. (I0) to obtain

/ (3)
RI42ZR, -2 AR+ —
z P

Y.=0, (15
+P (15)

where we have defined

4
o _a‘(p+P)
a* "r2@®
Y. =1 — - AIl.+T,
{Og(%csz)] <3A - >
2
+2Hc§gnc+§ﬁng+rg. (17)

This is the main result of this paper. As expected, for
adiabatic (I'. = 0) and isotropic perturbations (II, = 0)
the above equation takes the well-known form :

! )
R+ 2R, — 2 AR, =0. (18)
z

Since eq.(I3]) has been derived assuming the most gen-
eral scalar perturbations of the energy-momentum ten-
sor, it can be applied to any system which satisfies the
Einstein’s equations. While we have explicitly used the
Einstein’s equation, it is possible to rewrite the gravita-
tional field equation in this form even in modified grav-
ity theories by identifying the deviation from the Ein-
stein’s tensor as an effective energy momentum tensor,
G = Tiatter + T As a consequence eq.(I5) can also
be applied to modified gravity theories, but in this case
the effective anisotropic stress and non-adiabatic pres-
sure terms can be functions of metric perturbations, and
further manipulation is required to obtain an equation
only involving R. and matter fields .

IIT. CURVATURE PERTURBATION FOR
SCALAR FIELDS

Given the generality of the form of the energy momen-
tum tensor used in the derivation of Eq. ([H) it can be
applied to a wide class of physical scenarios, including
multi-field systems. Let us consider the case of two min-
imally coupled scalar fields with Lagrangian

2
L=-) X,—2V(®1,®), (19)

n=1

where X,, = ¢"0,9,0,®, and ®,(z") = ¢n(n) +
8¢ (z#). The perturbed energy-momentum tensor, with-
out gauge fixing, is given by

/ / / /o /2 /2
5/) _ ¢15¢1 + ¢26¢2 A(le + ¢2 ) + V16¢1 T ‘/25¢27

a2
/ / / /I /2 /2
5P — ¢15¢1 + ¢25¢2a2 A(le + ¢2 ) _ V16¢1 _ ‘/25¢2 7
/ /
=0 , o7T% =0, (_¢15¢1 -i;¢25¢2) 7 (20)
a

where we denote the partial derivatives as V, =

(OV/0®n)(¢1, P2)-
The field perturbations transform under an infinitesi-
mal time translation n — n + dn

51 = 61 — $0n ,  Ody =S¢ — dhdn.  (21)



The time translation 7. necessary to define the co-
moving slices can be found by imposing the condition

(6T%)). o ¢ 861 + Db = 0, giving

5 01001+ 0500,

R
Note that the uniform field time slicing, also known as
the unitary time slicing, in general does not coincide with
the comoving time slicing except for the case of a single

field or the case with d¢2 o d¢1. The comoving curvature
perturbation for the two scalar fields system is given by

P10¢1 + ¢odda

¢/12 + ¢/22 :
The gauge invariant field perturbations in the comoving
slices now can be defined

(22)

Re=R—Hon.=R—H (23)

, $10¢1 + ¢3¢
U1:6¢1_¢1 1¢/1;+¢Z2 27 (24)
, $10¢1 + 309
Uz =062 — 2W7 (25)

and similarly for the pressure and energy perturbations
in the comoving slices we get

AU+ G5UL — A9 + 657)

5/)(; a2 +V1U1+‘/2U25
(26)
et rTIr /12 /2
5P, — P1UL + 95U, 2Ac(¢1 + ¢5°) ViU, — VaUs .
a
(27)

Note that all the above quantities are gauge invariant by
construction.

Combining Eqgs. 24), 25) and the background field
equations of motion we find

/U/ /U/ /2 /2
% 1";% 2:V1U1+V2U2:—¢1 +2¢2 0,
a 4a

where we have defined the function © according to

o (62— 'fﬂ (&m 5@)
o= L (L% )| (20 _002)
[877 (W T2 ) ol T (29)

Assuming a classical field trajectory parameterized as
@2 = d2(¢p1) we can write © in this form

¢y | (den\?
0=-4 07 [(ﬂ) +1 (d7515¢1 —5¢2) (30)

From the above expression we can see that in order for ©
to be different from zero the trajectory has to have non
vanishing first and second derivatives, i.e. there must be
some turn in the field space.

After replacing Eqs. (8) and (28] into Egs. (26) and

@7) we get

(28)

-2
dos

I L P s
0pe = pozy R 5,2 CR (31)
N+ 6%
Po=——%3—""R,. 2
5 R (32)

It follows from Eqs. (3I)) and (B2]) that

/2 /2
(bl +¢2 ("'),

SP. = 6p.
pet 2a2

(33)
and comparing this with Eq. (II) we obtain the sound
speed and the entropy perturbations

/2 /2
:¢1 +¢2 O.

02(77) = 17 FC 20/2

S

(34)

From these relations we can find a closed system of equa-
tions to describe the evolution of R, and T,

/ 2
RY+ 2R, AR, = —7@,1;&,22)&, (35)
I 4.l — AT +bL, = d.R., (36)
where
BT S) .
at\1
y, = [1og <ﬁ)] Pt (39)

and the coefficients {ac, b, d.} in Eq.(B0]) are given in the
appendix.

Eq. (35) is in agreement with [6], confirming that
Eq. (I3) is general and can also be applied to multi-field
systems once the entropy has been appropriately defined.
Note that the approach we adopted to derive Eq. (36)
does not require the decomposition of field perturbations
in components parallel and perpendicular to the classical
field trajectory as done in [7], but is just based on the
fundamental definition of non-adiabatic pressure given
in Eq. ([I). For multi-field systems the presence of en-
tropy perturbations is a consequence of the fact that the
comoving slices and the uniform field slicies do not co-
incide, contrary to the single field case. In general in
order to use Eq. ([H) it is first necessary to compute the
energy momentum tensor in the comoving slices with a
procedure similar to the one shown above for two fields.

IV. CONCLUSIONS

We have derived a general equation for the evolution of
the curvature perturbation on the comoving time slicing
taking into account the effect of anisotropic and non-
adiabatic stress perturbations. The equation can be ap-
plied also to multi-field systems. This approach does not
require the decomposition of field perturbations in com-
ponents parallel and perpendicular to the classical field
trajectory, but is based just on the fundamental defini-
tion of non-adiabatic pressure.

As an application we have derived a closed system of
equations for the curvature and entropy perturbations in
the comoving time slice for two minimally coupled scalar
fields. The equations are consistent with the ones ob-
tained using the flat time slice |7]. In future it will be
interesting to apply the equation to more generic sys-
tems where both anisotropic stress and non-adiabatic



pressure perturbations are present, such as multi-fields
vector models, modified gravity theories, or a combina-
tion of the two.
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Appendix A: The coefficients of the equation for I'.

PCARTAL

ac =2H — PR
4 p01%2(Vin _(;/‘2/2) _(;/ ‘/1/2 nl/ Wiy (1)
1V2 — @PaV1
PV + PhVa
b, = —6a’HL 2 =
¢/12 + (b/22
n 2a22(¢I1V1 — 5 Vo) Vig — (@) Vo + 95 V1) (Vir — Vag)
1 Va — ¢hV1
I (012 — $52)Via — ¢ ¢h(Vir — Vao) 2
1 Va — Vi
#1 Vi — ¢hVaoo
+¢l¢/ 1¢/1V ¢Z‘/1
P = 205 Vi + 95200 — ¢5%)Viae @)
P\ Vo — PhV1 ’
S H(2+ ¢h?)

Appendix B: The equation for the entropy
perturbations in terms of v = ¢56¢1 — ¢} 6¢2

It is convenient to introduce a quantity

Y= ¢hdh1 — ¢ s (1)

In terms of this quantity we get

¢’ 4l
Ul = ¢/2 2¢/2’Y ) U2: ¢/2 ¢/2FY' (2)
¢/2 + ¢ 1Va — ¢oV1
e =~ R 2 O
4a® (41 Vo — $5V1)
0 = , 4
RO W
V2 — ¢V
b = gy ®)
Finally we can write the equation of motion for .
)
V't ary = Ay + By =R, (6)
where
P V1 + ¢o Vo
ac:6H+22W, (7)
_ 2 9., 1 VI + 95V 2
Be = 10H” 4+ 10a ’HW'FG (Vi1 + Vag)
(7 )+ e [4ViVat g +
(1% + ¢5%)?
@2 - o)V - V)], (8)
$1Va — p Vi

§, = 2221 =2 9
@ )
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