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Abstract

We study the impact of gravitational waves originating from a first order phase transi-
tion on structure formation. To do so, we perform a second order perturbation analysis
in the 1 + 3 covariant framework and derive a wave equation in which second order,
adiabatic density perturbations of the photon-baryon fluid are sourced by the gravita-
tional wave energy density during radiation domination and on sub-horizon scales. The
scale on which such waves affect the energy density perturbation spectrum is found to
be proportional to the horizon size at the time of the phase transition times its inverse
duration. Consequently, structure of the size of galaxies and bigger can only be affected
in this way by relatively late phase transitions at > 10%s. Using cosmic variance as a
bound we derive limits on the strength a and the relative duration (5 /H,)~! of phase
transitions as functions of the time of their occurrence which results in a new exclu-
sion region for the energy density in gravitational waves today. We find that the cosmic
variance bound forbids only relative long lasting phase transitions, e.g. p/H, < 6.8 for
t, ~ 5 x 10'1s, which exhibit a substantial amount of supercooling a > 20 to affect the
matter power spectrum.
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1 Introduction

With the first ever-measurement of a gravitational wave (GW) signal in 2016 from a black hole
binary merger by the LIGO-Virgo collaboration [1] (now LIGO-Virgo-KAGRA), a new window
of probing the universe has been opened. While this technique probes so far mostly astrophys-
ical processes, future experiments like the space interferometer LISA [2] have the potential to
explore also cosmological sources like first order phase transitions (FPT) in the early universe.
In particle physics these phase transitions occur when the dropping temperature of the universe
causes the vacuum expectation value (VEV) of a field to change discontinuously. If the field is
hindered for a while from adapting to the new VEV by a barrier in its potential then bubbles
enclosing the new VEV form, expand and eventually fill the universe with the new VEV. While
such FPTs can produce GWs via the dynamics of the bubbles like collisions, soundwave forma-
tion and magneto-hydrodynamical effects, second order phase transitions and cross overs are
not expected to produce substantial amounts of GWs, essentially because they lack the mecha-
nism of vacuum bubble formation. The latter applies to the standard model of particles physics
(SM), well described by the symmetry group SU(3)qcp X SU(2); x U(1)y. It undergoes a cross
over phase transition during the electro-weak symmetry breaking SU(2), x U(1)y — U(1)qgp
when the Higgs boson acquires a non-zero VEV [3,4] and hence no GW signal is expected.
The SM has, however, various problems, motivating for new physics beyond the SM (BSM).
Many alternative models which incorporate new symmetries and particles allow for FPTs. The
observation of GWs has therefore triggered many studies of FPTs in BSM models [5-12] where
often GWs are expected to be seen in future GW experiments. For reviews see e.g. [13-17].
Future GW experiments can therefore valuably constrain BSM physics.

However, adding a FPT to the history of the universe might also affect other cosmological pro-
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cesses such as formation of structure. This potential consequence is studied in this work. In
the standard model of cosmology, linear density perturbations develop from inflation and seed
over- and under densities in the various fluid components of the early cosmological medium.
They propagate through the universe and undergo, depending on their scale, various changes
caused by physical processes like the decoupling of a fluid component until they eventually
form the structure we observe today. FPTs and the emerging GWs might influence this evolu-
tion depending on strength and duration. GWs are linear tensor perturbations of the metric
sourced by an anisotropic stress distortion in the fluid while density perturbations of the fluid
are scalar perturbations of the metric. At linear order in perturbation theory, they do not
couple, but they can interact at second order and source second order density perturbations.
Hence, we have to perform a second order expansion in order to capture effects that strong
GW events may have. Typically, phase transitions are expected to occur while the universe is
dominated by radiation and on sub-horizon scales. Consequently, potential effects on density
perturbations are tied to the scale and thus the time of the transition. We shall work within the
1+ 3 covariant approach to gravity [ 18-23] in which an exact, non linear equation of density
perturbations is given.

Imprints of phase transitions in the matter power spectrum’ have been of interest in the past,
[25,26]. In contrast to our work these papers focus on the QCD phase transition during which
they predicted a significant drop in the sound speed. This in turn affects the preexisting linear
density perturbations and induces large peaks in the Harrison-Zel’dovich spectrum. Similar
effects could happen in BSM transitions if the sound speed drops significantly which could be
possible for theories with massive fermions or weakly interacting scalars but is not expected
e.g. in simple scalar extensions of the SM [27].

This work is organized as follows. In Sec. 2 we investigate second order density perturbations
and their coupling to GWs. In Sec. 3 we then summarize the physics of GWs from FPTs and
present our results in Sec. 4. Subsequently we discuss in which way and under which con-
ditions the GWs from FPTs do or do not affect the matter power spectrum, but also debate
the limitations of our approach. Finally we conclude and give an outlook in Sec. 5. Further
leading material and many details can additionally be found in the attached appendix.

2 Second order density perturbations

Let us begin with the study of second order density perturbations and the search for an equa-
tion in which density perturbations are sourced by GWs. To do so, we use the 143 covariant
approach to cosmological perturbation theory for which a pedagogical introduction can be
found in Appendix A. In this formulation spacetime is decomposed into the direction of the
four-velocity, u,, along the world line of a fundamental comoving observer and in its orthog-
onal direction, h,;, where Latin indices run from O to 3. The energy momentum tensor of the
cosmic fluid is split according to this decomposition

Tap = pugp + 2Uqp) + Phap + Tap 1)

where the individual components are p := T%u,u, the energy density, q, := h ab Tp.u® the
energy current density, p := T,,h??/3 the pressure and 7, := T(qp) the trace-free anisotropic
stress. Geometric quantities emerge from the splitting of the covariant derivative of the four-
velocity. This includes the shear tensor o4, := Dpu,), the antisymmetric (hence tracefree)
vorticity tensor w,y, := Dypu,], the volume expansion scalar © := D“u, and the four-acceleration

Linear matter power spectrum and measurements can be found in [24].
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A, = uPV,u, such that

1
Vbua =Ogp + Wap + gehab —Aaub . (2)
Then the comoving density gradient and the comoving volume gradient are given as
a
A, =—D,p, 3)
P
Z,:=aD,0, 4

where the first one involves the notion of density contrast. It can be shown [28] by taking into
account the equations and constraints from the Bianchi identities that the projected comoving
density gradient and the projected comoving volume gradient evolve according to the full
non-linear equations

- ) 4 )
Aq) =2 OA,— (1 + B)Za +a— (q<a) F= G)qa) i D,D’q, +a—Dmy,
P P P 3 P P

a C] ©
—(O'ba + coba)Ab — ;Da (ZAbqb + O'bCTEbC) +Cl; (O-ab + wab)qb + aE ﬁabAb

1
+I_)(qub+2Abqb+O-bcnbc)(Aa_aAa)’ (5)
and
. 2 1 3 1 1
Zig)y=— B ez, — > KpAg — > kaD,p —a [g 0%+ 5 k(p +3p) —A]Aa +aD,DA,
— (ot + wby) Zy —2aD, (0% — w?) + 2aA’D A,
—a[2(0?— w?)—D"A, —AA, |A, . (6)
Here o2 := %oabaab and w? = %wabw“b. In order to find an expression that describes

the influence that gravitational waves could induce on density perturbations, we seek for a

relation between the orthogonal projected gradient A, and linear perturbations of the shear
Ellb), since the latter one describes the effects of GWs in the 143 approach. This occurs
for the first time at second perturbative order in the density gradient Agz)_ Therefore, in the
following we will use Eqgs. (5) and (6) to derive a linear equation for the time evolution of the
density contrast Agz) with a non-zero linear shear contribution O'Ezlb)'

To do so, we will choose a model for the cosmic fluid which will significantly simplify the
non-linear equations. Then, we will resolve the remaining angular brackets in the indices and
take the orthogonal projected gradient of the equations in order to obtain scalar equations.
While terms that are at least of third order will be directly neglected during the calculation, the
explicit expansion of the remaining quantities to second order is performed after obtaining the
scalar equation. Finally we set the background cosmology to FLRW and specialize the result for
a radiation dominated fluid. During the calculation we will set Kk = 8tG = 1 and reintroduce

the units at the end. For our fluid model we impose the requirements

tensor o

Assumption 1: At the background level, the matter-energy density is described by a (single
component) perfect fluid.

Assumption 2: To all orders, we assume a negligible contribution from vorticity w,;, =0 = w,,
current density q, = 0 and anisotropy 7,; = 0 in the fluid.
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In this model the full non linear equations Eq. (5) and Eq. (6) reduce to

Ay = B@Aa - (1 + B)Za — oAb, (7)
Y P
with
Ziy = —207,— 2pA,—aD ©A, +aD DPAy — 0,,Z° —2aD,0% + 2aAD A, . (8)
(a) 3 a 2P a 2a oP T aBA, +ab, b~ Oab ab,o” + a‘lb -

Additionally we fix the relation between pressure and energy density by imposing

Assumption 3: Perfect barotropic fluid: This implies p = wp with constant « and
together with Eq.(A.21) and q, = m,, = O the acceleration is to all orders
A, = a(15+ “) due to D,p = —c 2A,. The perturbations are adiabatic. We also assume

Dyw=w= Dc-cz—O

Our perturbation procedure will extend to second order and thus we can neglect terms that are
at least of third order in advance. This is the case for the term a (202 —AbAb)Aa 2 O(€®) since
the acceleration A, and the shear o, are zero at zero order. Applying the third assumption
to Eq. (7) and Eq. (8) our equations reduce to

Ay =w0A, —(1+w)Z, —og AL, 9)
2 2
. 2 Jol c; . c;
Zin=—=07Z—(1+3c2)=A,———06A ——D A—o, 7P
{a) 3 ¢ ( S)2 14+ Y alt+w) )
ct )
—2aD, 0%+ ————D,_(APA;). 10
¢ a(1+ w)? o b) =

The next step is to deal with the projected time derivative of the density perturbation. We
expand it by applying the inverse product rule

A(a) = habAb :(habAb)—habAb, (11)

but since habDb =D, and u*A, = uahabvb = 0 we find for the two terms

a a
hPAy,:=hP—Dyp=—D,p =A,, (12)
P P
hPAp = (ueA” +uPA) Ay = uAPAy. (13)
We thus get
A(a) = Aa —uaAbAb s (14)

which reflects the fact that the orthogonally projected time variation of density inhomogeneities

is the same as the complete time derivative of the density perturbation minus the projection

of the density perturbation on the flow lines. The four acceleration in turn can be expressed
2

by the relation A, = —=—=A, and we find

a(1+ )

2
. . C
A(a> :Aa+uaa(1—ia))AbAb. (15)

For the expansion gradient we repeat this calculation and find

Z(a) = habe = (habzb) _habzb = Za - uaAbe P (16)
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for the same reason as for the density perturbations, habZ » = Z, and u*Z, = 0. Plugging these
identities into Egs. (9) and (10) results in

2
. C
Ag+u,————AAy = wOA, —(1+w)Z,— 0, AP, (17)
“a(1+ w)
2 2 2
. C 2 P C . C
Zo+u,———ANbz,=—Z07,—(1+32)5A,———6A,————D,A
¢ (14 w) b= gT%a ( S)2 14w ¢ al+w) ?
4
C
—o,,Z°—2aD o2+ ———D_(AA,). 18
ab a (1+w)2a a( a) (18)

2.1 Taking the orthogonal projected gradient

We are interested in the density fluctuations described by the comoving divergence of the
density perturbations A := aD®A,. Hence, we will take the divergence of Egs. (17) and (18)
which will yield a scalar equation.

Comoving fractional density gradient: Let us start with the divergence of the first term in
Eq. (17) which gives according to [29]
aD?A, = ah®Vu V. A, +ah®u‘v,v.A, (19)
. 1 .
=A+0PA @y — 0™ Apgpy + §a®A‘1Aa —aA'A,—aq® Ay +a (0 + w) AA.

Applying our assumptions to this equation sets q, = w,;, = 0. Ignoring again terms vanishing
at second order we find

2 2
c c
aD*A, = A+ 0PA Ly — ————OA A, + ——AA, +O(e
a (@b) ™ 3(1 + w) at Tl BatOE)
2
. c 1d 1
=A+0PA ) + — [————@}A“A . 20
@)1 l2de 3 a (20)
2
We have also replaced A, = —aa +w)A Using u“D, = 0 the second term in Eq. (17) becomes
c? c? c?
aD%u,———A’Ay = —=APA, aD%, = ——APA,0. 21
“a(1+ w) b a(l+ w) b T (1+w) b 21
The first term on the right hand side of Eq. (17) becomes
DwOA, = w(Z%A, +OA), (22)
while the second term reads
—(1+w)aD*Z, =—(1+ w)Z. (23)

Moving on to the third term we note that in general the space-like constraint on the shear
is not zero but rather given by Eq. (A.25). However, in our model the shear plays the role
of GWs. Hence we only consider the transverse component of the shear, thus D?c,, = 0
(following [28-30]). This implies for the last term in Eq. (17)

aD* (=0, Ab) = —(aD% g, AP +a o, DAY) (24)
=0
1
=—0ap (EAhba + A0 4 A[ba]) (25)
=—0 g, A\, (26)
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where we have made use of the fact that the shear is also tracefree o ,,h®® = 0%, = 0 and that
the complete contraction of an antisymmetric with a symmetric tensor vanishes. Altogether,
the differential equation for density fluctuations becomes

2

A=w(ZA,+0A)— (14 w)Z —20 bA(ab)—C—s(%@+li)A“A . @7
“ a4 1+w\3 2dt a

Comoving volume expansion: Now we move on to the differential equation for the volume
expansion gradient Z,, in Eq. (18). Starting on the left hand side analogously to A we find for
the first term

. . 1 .
aDZ, =2+ 0" Z gy + gaGA"Za —aA®Z,

2 2
c
=Z7+0%7, ,, ——OQAZ, + ——AZ 28
{ab) 3(1+ w) a0 a (28)
and for the second term
c2 b c2 b
aDu,———A°7Z, = ——-A°Z,0©. 29
“a(l+ w) P 1t w b (29)

Taking the comoving divergence of the first line on the right hand side of Eq. (18) gives

C2 . . C2
= (aAD©+6A)— ——D?A, (30)
w l1+ow

2 )1
—3 (z2°Z,+©Z)—(1+3c; )E(pA +pA*A,)— I

where we have applied the definition aD,© =: Z, aswell asaD?Z, =: Z and used aD,p = pA,.
In the second line of Eq. (18), we find for the comoving divergences
4

—0pZ2' %, —2a’D?0? and + ;D (A%A,), (3D

S
1+ w)
where we have used in the first term aD,Z, = 1/3Zhgp + Z(qp) + Z[4p]- So far we find for the
evolution of the volume expansion gradient

2 2
g 2 C C .
Z=—-—"""78OA"Z,———A"Z,
314+ w 1+w

2 1
— g(zaza +0z7)— 5(1 +3c2)(pA+pAA,)
C2
— ﬁDzA — 204, 2% —242D%02
w
Cz . .
7 : (A,aD© +OA)
w
C4
+ sz (A%A,). (32)

2.2 Second order differential equation for second order perturbations
Taking a further time derivative of Eq. (27) leads to an equation of motion for A which reads

A=w(Z,A"+Z°A;+OA+OA)—(1+ w)Z

d ¢Z (2. 2 d 1d
—2—(0gp A= —— [ 26+ 20—+ -— |A%A,. 33
dt (72 8") 1+ (3 3 dr 2dre2 a (33)
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This equation still depends on the volume expansion gradient. In what follows we eliminate
this dependence. First, we substitute Z from Eq. (32) in Eq. (33) and find

.2 . ) (1+ w)(1+3c?)
A=Z(1+w)OZ + wOA + (w+c?)OA + SZpA+c2D2A
3 2 s

— 2— (0apA90)) +2(1 + )04, Z () + 2421 + w)D20?

cs2 %9_(1+w)2(1+3c32)p D2 4 @d 1c1_2 ACA
1+w|3 c2 2 3 de  2dt? ¢

. . 2 2 .
+(w+ csz)ZaAa +(wA, + ECSZGAQ + 5(1 +w)Z,)Z% + csz(AaaDaG). (34)

We then replace © by the Raychaudhuri equation (A.22)

6=—_1g2 1(1+3 Yo — 202 ‘s A+ CS4
= —_—— R w —_ J—
3 2 p a2(1+ w) a2(1 + w)?

AJAY+ A (35)

and the scalar version of the volume expansion gradient

1 (@) ¢Z (2 1dY) .,
Z=———|A—wZ°A,— wOA +20,,A — —G) + = AYAL T, (36)
1+w 1+ w 2dt
which is taken from Eq. (27). The spatial gradient of the Raychaudhuri equation yields
2 4
A aD% = —220A, 70 — C—S(1 +3w)pAAY — _ 5 ADA (37)
s —a 5 g a 2 a (1+w)a ¢ '

Inserting the last three equations into Eq. (34) we find
A+(2-w)ea 29 | (14262302 2A+c2D% | A
+ 3”@ - (w—cs)?+( +2c — a))§+(a)+cs) +c;

2 d
=—2 (ge + E) (0apAl)) +2(1 + )0 Z 4y +2a%(1 + w)D*0
2

S 242 1( 2 (8 )Z)P 22 2 d 1d1,,
— s |22 — [+ wP+(Z+4 +e2D2+ EA+O— +2— |AA
1+w[9 Z((Fertlgrae o )y taD + A0+ 4e a

S

. 2 2
+(w+cHZN + (o)Aa + §®a)Aa + 5(1 + co)Za) Z

2 4
22 TG oS A DA (38)
S (14 w)a? 1+ w)a ¢ '

Let us emphasize once more that products of three variables for which S(¥) = 0 are at least of
third order and are thus neglected here.

Perturbative expansion: So far we have neglected terms that are at least of third order in a
perturbative expansion of the dynamical variables. To complete the perturbative analysis, we
expand the remaining variables and truncate the series at second order

An A+ AD L AP = AW 4 AB) (39)
ZnZO® 470470 =70 4 7 (40)
ono @+ 4@ =0W 4@, (41)
o~0®+eW+e@, (42)
p~p@+pM 4 p@, (43)
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Vector and tensor versions of a quantity are expanded in the same manner as their scalar
counterparts given above. In Eq. (38) the shear couples either to itself, to A or Z whose zeroth
order term is zero. Thus in an expansion to second order only the first order perturbation term
of the shear will survive and thus we can immediately put o ~ oM. Also note that p® and
©® will not occur in our perturbed formula because p and © always appear in combination
with a linearly gauge independent quantity for which the zeroth order term is zero.
Expanding the variables in Eq. (38) in this manner we get

i} 2 : 1 ©
A@4 (— - a)) 0MA®@ _ (—(a) —2)0®2 4 (1 +22—3w2)2— 4 (w+2)A+ CZDZ) A®
3 3 S S 2 S S
2 . 2 p(l)
=— (5 - a)) eMWAW 4 Sl 2)eeW + (1 +2¢2— 3w2)T AW

2 d
—2 (—@(‘” + E) (oPamE)) 4201 + w)oMzN +20%(1 + w)D2o D2

3 (ab)

2 1 8 ©)

- —6(0)2——((1+w)2+(—+4a>)c2)p—
1+w|9 c2 3 s) 2

2 d 1d?
212 (0) Ma A1)
+2D? + A +00 — + = — [aAlDap
g 3 de 2dt2i| a

. . 2 2
+(w+cHzMeal 4 (wAgD + ge(O)wAfll) +30+ co)Zél)) zMa

w+c? ct
2 s 12 s Dpa A1)
—ci———A ———FADAYY, 44

S (1+ w)a? (1+w)a ¢ “44)
We have ordered the terms in this equation such that second order quantities appear on the
left hand side of the equation and combinations of first order variables appear on the right
hand side. At this point it is also useful to replace the contractions with Z() and Z(). To do
so, we use Eq. (9) which yields

WOA, — Ay — 0 AP

a4 1+w ’ (45)
w®O A1) _ A
> 20 = <24 L o). (46)
1+w

Similarly, from Egs. (18) and (46) we get for the time derivative of Z((ll)

(0)2 2
22 :lﬂ(cz_zw)Agu L2010 goAw_ S peam
314+w*™* 314+ w a a(l+ w)
c2 229 oy
+ 1+w(1+3w)—(1+3cs) > AL 47)


https://scipost.org
https://scipost.org/SciPostPhys.12.3.114

Scil SciPost Phys. 12, 114 (2022)

The respective terms in Eq. (44) become

2
: 1w
(w+ CSZ)Z(U“AEIU _ETS( 2 _zw)e(O)ZAgl)A(l)a
2 2
1ote 0 d (A0eA®) - (6 + ) papm
31+w a(l+w) ¢
2 p©
+(co+cz)( (1 +3w)—(1 +3c2)) ——Ala®a, (48)
and

. 2 2
1 0 1 1 1)a _
(wAD + 59( JwAl )+—(1 +w)zM)zWa =

a)2co 4

2
w—2 NOKS S (aWea®)+ 32 379 mapm 4 4
+

2
0)2 A (1 1
1 o° w@()A()‘IAg). (49)

With these we can eliminate Z, and Z, completely and our perturbed second order differential
equation for second order density perturbations in a perfect fluid with shear reads

. 2 . 1 P(O)
A(2)+(§—w)®(O)A(2)— 5 (@07 + (14262 —30%) -

+(w+ A+ chz) A®)
2 ) 2 oM
=— (5 - w) eWAW 4 NG 2)0WeW +(1+2c2 - 30%)= - A
2 d
2 (59(0) + d—) (o AaM ) 4201 + )oY 2V @) + 2021 + w)D?0 D2

2
c 2 20 +ct—wc2)e®2 g 5 (0)
- [(—— ) +—(—1—w—wc2——c2+2c4)p—

1+w|\3 c2 3 c2 s 3° s) 2
2 2 20 w? d 14d?
+2D2+ A+ | S+ = —— |6 — 4+ = INRLYNS
G2 T3 (3 32 2c3) dr * 2de? Aa
g 2 2002
+ 3@ AWAma_ o) my GRETO) ) (50)
1+w (1+ w)a? (1+w)a ¢

We fix the background cosmology by introducing a further assumption.

Assumption 4: As background we choose an FLRW universe: ©@(t) = 3H(t) and p(@ = p(¢)
is given by the Friedmann and continuity equations

) 1 1
H=—H2—6(p+3p)+§/\, o =—3H(p +p),and
1 K 1

H2=-p— 2 4 ZA.
3P 72" 3

On this background our equation eventually yields
A(2) 3 VA®
AP +2H(1-Zw A
3 2\ 2 1 2 2 2y 3K 212 | A (2)
— E(1+2w—3w )H —5(1—20)—3@ JA+(1+2c?—3w )F+CSD A
a
2 . 1 &)
=— (5 - w) eMAM 4 (g(a) —2)6HOW + (1 +2c2 — 30)2)‘07) AD
d
—2 (ZH + E) oW AW 4 2(1 + w)oWzMb) 1 2(1 + w)a?D?o 2
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2 (0) 2
c 7 5 2
—-— (—1—w+—wcz——c2—4w2)p—+czD2+ co—Zw——c2+— A
1+w 3 5 3° 2c2 s c2 s 3
2 2w w? d 14
+ 2+ = —— |3H—+ =— APl
(3 3c2 ZCSZ) de 2dt2:| a
2 _ 20.2 27092
LETO wame_ GG T O) )y GRCHO) gy ) 1)

1+w ¢ (1+ w)a? 1+w)a ¢
In this equation the second order density perturbations on the left hand side are sourced by
couplings of first order perturbations on the right hand side. In particular, we find source
terms in which the shear tensor couples to first order density perturbations but also to itself.
The next step is to study our equation in the two important regimes where either radiation or
matter dominates. For that we reintroduce « := 87G.

Matter dominated universe: For a matter dominated universe we have w = cs2 = 0. The
linearized evolution equation for the shear tensor and the Gauss-Codazzi equation [29] de-
termine the projected Ricci tensor by the shear R,y = —3H0 4 — Gqp- For super-horizon
shear modes D?02 = 0 in a flat universe K = 0, this identity together with the relations
A(apy = —Z(qpy and A, = —Z, (details see ref. [29]) reduces Eq. (51) to

2
A® 4 2HA® — %(SHZ —A)AP ZS%KAS)AU)G + %zgl)z(”a +2Ho A (ab)

(1) (1) (ab) (1) A (1) (ab)
+4o ., 2 +2R(ab)A a

_ %@(”A“) + %p(l)A(l) . (52)

which partially reproduces the result in [29] for A = 0. We find two additional terms
—2HOWAM 4 %p(l)A(l) which were missed by the reduction procedure used in [29].

Radiation dominated universe: Important for this work is the evolution of the per-
turbations during radiation domination where we have w = cs2 = 1/3. For our pur-
pose it is also convenient to eliminate Z;, such that we get an equation only depend-
ing on o, and A in its various forms. We also take a flat universe with K = 0 and
A = 0. Again by using Eq.(17) the volume expansion gradients yield to linear order
1+ w)Z((ll) = w@Agl) — AM, Taking the comoving derivative aD? of the previous expres-
sion, using the decomposing rule aD,Z, = 1/3hq,Z + Zqp) + Z[qp) (analogously for A;) and

the linear rule aDy Agl) = a%(DbAf})) we can estimate

1 A (1
w0 @AWR, + oAl — Al

) _ (ab) 2
Z<ab) = T o + O(e?). (53)

Finally our equation yields in a flat universe without cosmological constant

A@LHA® _2m2A® _ 1p2A®
3
=-2 (Ho(l)A(l) (ab) 4 5D AWM ab) 4 95D AM) <ab)) + §a2D20(1)2} GW sources
ab ab ab 3
1aMAM 4 2 W) AU
_1gWAW 4 25MAW
+(2H2 — D) ADAWe — ZHAD AW — 2 AW AW & pyre density sources

11 1)2 11 1 1
—ga—zA( ) ——qug )DaA( )
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3 First order phase transitions and GWs

First order phase transitions occur when a configuration does not minimize the energy any-
more. In this process the minimum (¢) (order parameter) of the temperature dependent
potential V;(¢) evolves from a symmetric (unordered) phase (¢) = 0 to an asymmetric (or-
dered) phase (¢) # 0. If the former minimum and the new minimum in the potential are
separated by a potential barrier then the order parameter does not smoothly roll into the new
minimum but rather jumps or tunnels (see Fig. 1). The barrier of a FPT prevents the system
from continuously relaxing into a new state with lower energy which results in latent heat be-
ing stored and later released in a shorter time interval. This delayed energy releasable makes
FPTs particularly interesting in comparison to other phase transitions. The temperature at
which the two minima are degenerate is called the critical temperature T, while the temper-
ature at which the probability per volume element of reaching the new minimum is unity is
called nucleation temperature Tp,c.

In the early universe such phase transitions could have happened and are realized in many
extensions of the SM [5-10,12,14-17] where a Lagrangian L({¢;}) with extra fields ¢;, sym-
metries and couplings is introduced. Here the order parameter is the vacuum expectation
value (VEV) of the field which acquires a non zero mass in the low temperature phase. This
results in a "spontaneous breaking” of the involved symmetries, i.e. a non-linear realization
of the symmetry in the vacuum at zero temperature. In a FPT the field does not accept the
new VEV everywhere in space at the same time. Instead bubbles with the new VEV inside
nucleate with some initial sizes and begin to spatially expand into regions formerly occupied
by the high temperature, symmetric VEV. Hereby the bubbles release the stored energy, the
latent heat fraction

p vac

o= —= (55)
prad(Tnuc)

where py, ~ [V ({(¢))], and release it in the form of motion but also while their surfaces,
called walls, eventually collide. The time needed until the field ¢ has acquired the new VEV
everywhere in the universe is denoted by 1/ (see Fig. 1 second plot) and is the inverse of
the nucleation rate per Hubble volume

I'= 1—‘nuc exp(/j(t - tnuc)) . (56)
The rate 3, in turn, is deduced from the O(3)-symmetric, effective action [31]
°° 1(d¢\? ds
S, =47rf rzdr(E (—¢) +VT(¢)), via P 4% (57)
0

ar o~ eqr|

nuc

whose minimization determines the tunneling trajectory from the former, symmetric vac-
uum to the low temperature, forming vacuum. In this way, via the form of the potential
Vr(¢) € L(¢), the phase transition parameters a and f3 are directly connected to the details
of the particle physics model. Whether or not a certain model posseses a potential barrier and
a FPT depends therefore on both the model details and the choice of coupling parameters.
The formation of bubbles has an important implication. By their expansion and collision, they
induce three different forms of anisotropic stress into the fluid, which in turn generate GWs.

1. Bubble collision: The collision of the forming and expanding bubbles leads to an
anisotropic stress that sources GWs [32-34],

2. Turbulence: The highly ionized plasma can develop magnetic and hydrodynamical tur-
bulence from the percolation of the fluid induced by the bubble collisions [35, 36],
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3. Sound waves: The bulk fluid motion produces pressure waves in the fluid that source
GWs [37-39],

such that the total abundance of GWs from a FPT reads

Qew(k) = Qpc(k) + Qsw(k) + Qypp-rurb (k) - (58)
In summary the important parameters are:

* The nucleation temperature Tp,. (~ Hp,.) which sets the scale of the released energy
density in GWs pgw-

* The strength of the phase transition is described by the latent heat fraction a and its
duration by the inverse nucleation rate 37!,

The strength of the GW signal also depends on the bubble wall velocity v,,. Its calculation is
more involved (see eg. [16,40-42]). Depending on the bubble dynamics not all of the released
energy produces GWs. The fraction of the released energy actually transmitted to the kinetic
energy of the fluid is provided by the efficiency factor k.. If the phase transition does not reheat
the universe too much one can approximate the temperature at which the GWs are released
as T, ~ T,ye- On the other hand in models with large a > 1 there will be a supercooling phase
which separates the nucleation temperature from the percolation temperature T,,. < T, [16].
The release of GWs then falls together with reheating of the universe T, = T,., which turns
the universe back into radiation domination. If the reheating is fast enough we do not need
to distinguish between H(T,,.) and H, [17]. The two cases constitute very different bubble
dynamics. In the former the contribution from bubble walls to the GW signal is only relevant
for so called run-away dynamics in which the bubble walls strongly accelerate until they reach
the speed of light. However, they expand into a still radiation dominated universe such that
parts of the available energy are absorbed by the plasma and thus the efficiency factor k.
is smaller than unity. In the latter case, where the bubbles propagate with the speed of light
v,, = ¢ in a vacuum energy dominated universe, the efficiency factor equals unity and bubble
walls are the only contribution to GW production. The efficiency factor thus reads [16]

Keg=1 for a>1. (59)

Note, that for the purpose of this paper only the time and scale of GW production is important
and therefore we will always refer to t, and not bother about ¢, also in the case of strong
supercooling because in any case H(t,) ~ H(t ,c)-

The sufficient set of parameters describing the phase transition is then (H,, 8, @, k().

3.1 Analytic description of bubble collision

We study the GW energy density originating from bubble collisions as source of second order
density perturbations following the literature, e.g. [32,34,40,43,44]. Typical central assump-
tions in these derivations are:

1. Thin wall: the bubble walls are infinitesimal thin and all energy is stored on them,

2. Envelope approximation: Already collided walls do not source GWs. Only the remain-
ing envelope of collided bubbles carries energy and momentum.

3. The phase transition performs in less than a Hubble time.

13


https://scipost.org
https://scipost.org/SciPostPhys.12.3.114

Scil SciPost Phys. 12, 114 (2022)

V(¢) <¢> Phase 2

Minimum evolves to

Vg VEV
/ ) 1 1

Phase 1
T Minimum at zero
04+ e
0 Tf Toue Tt T
"Today"

Figure 1: Left: Qualitative temperature dependence of a typical potential in particle
physics developing a barrier and new global minimum as temperature drops. Right:
Schematic illustration of the temperature dependence of the VEV (order parameter)
in a FPT. Shown are also the two important temperatures T, and T,,. at which the
minima are degenerated and at which the nucleation probability reaches one bubble
per Hubble volume, respectively. The temperature at which the transition is com-
pleted is denoted by T.

GWs originate from linear tensor perturbations (for consistency with the literature in this sub-
section Latin indices are spatial and run from 1 to 3.)

ds? = —dt? + a®(£)(5;; + 2h;;)dx'dx/, (60)

by a tracefree and transverse tensor h;;(x, t). The GWs propagate according to the wave equa-
tion [45,46] and are sourced by the transverse and tracefree component of the anistropic stress
tensor Hilj(x, t). In Fourier space (k denotes comoving wave number) the equation of motion
reads

. k?
hij(k )+ — ik, £) = 167G M5 (k, t). (61)

Solving this equation for a given anisotropic stress tensor allows to derive the energy density
of GWs

(hijhij) k3.
== — |h(k, t)|*dInk. 62
pon()i= o= | - lhlk 0PdIn (62)

In the case of FPTs, the collision of bubbles produces an anistropic stress tensor Hfj(k, t) which
drives GWs through Eq. (61). This leads to an energy density per logarithmic frequency, which
is given by (since the FPT is short we can put a(t) ~ a,)

2 2
028 (k/a,, t) == iiﬁ: = Kgff(%) (1 i‘a) A(k/a,,B,t,v,), (63)
where kg is the efficiency factor. The challenge for analytical [32, 33, 43,44] and numerical
studies [47-49] is to find an expression for the dimensionless power spectrum A(k/f,t,v,,).
The essential ingredients are the homogeneous solution of the wave equation Eq. (61) and the
power spectrum of the anisotropic stress tensor evaluated at different times. Here we simply
refer to the literature and stick to an approximate formula from Caprini et al. [40] which
incorporates the most important features® . Following this reference the dimensionless power
spectrum is well described by

2In fact the approximation seems very close to more refined analyses like [44]. The latter reference explic-
itly mentions that the underling assumptions listed above are especially well fulfilled for bubbles expanding into
vacuum. This is in particular important for this work since significant impact will only be generated in this regime.
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Figure 2: Left: The dimensionless power spectrum (with approximated time inte-
gral) of GWs sourced by a FPT evaluated at halftime 7 = 7, + 0.5- H,/f3. Right:
The time evolution of the peak of the dimensionless power spectrum. The inverse
duration in terms of Hubble time is denoted by rg = Hﬂ* and T, := “VTH* is the time
mean while A7, := T, —T,.

2

Ak, B, t,v,) = B2 ~ kB2 — )2k, (t +1,)/2), (64)

t
f f(k, Pettkaf
ty

with the broken rational function

Vi€ 1+(%L)2
fte 0 =108 (35 (1 + (e (%)6) o

and the characteristic length- and time-functions

L(t) = Vﬁ—wg(t), (66)

e(0) =48 =) (5= =1 ) et —c-en (51 |. 67)
where € is a small parameter (taken to 0.01 in the following), v,, is the bubble expansion
speed, t, the starting time of the release of GWs and ©y,(t) is the Heaviside step-function. In
Fig. 2 we show the dimensionless power spectrum achieved from these functions.

In terms of the rescaled time 7 := H, - t, rescaled Fourier mode « := ck/(a,H,) (note that we
put k — k/a,) and the relative phase transition duration H, /3 we get (also reintroducing the
speed of light ¢)

€ (Yw () (e 500y =
Ko, 10 = o2 (%) a0 = (2) (B e =r1e), o9
where the time-dependent function g(7) and the broken rational function f (x, T) becomes
2
im=4(£) c=o0((F) - -w0)entar+ 50, (69)
14 (EUD)?
K (k) = K22k, 7) = (KL())? (KV—W%e) ( - ) ; 70)
C 1+ (KLz(T)) + (KLEET))
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Figure 3: The dimensionless power spectrum of GWs sourced by a FPT (light red and
light green) and the approximation of the time integral in Eq. (64) (bold lines) close
to the start and the end of the FPT. The yellow curve shows the horizon mode. The

notation is the same as in Fig. 2.

Therefore, the rescaled function for the GW abundance is

foutr,7) = ki =7 (1) J it i F2(R, (7 +7.)/2), (71

with k, := a,H,/c the scale of the horizon at t,.
The left plot in Fig. 2 shows the spectrum as a function of time for a fixed mode while the right

plot shows the time evolution of the peak A(xpeak(7), 7). In Fig. 3 we show the approximation

Eq. (64) for different times. The main three features of the power spectrum of GWs from FPT
are
* It peaks around ~ kpea = curl(j% which is @ at the end of the transition,

* For small wave numbers the spectrum grows as k>,

* For large wave numbers the spectrum decreases as k..

4 Results

In this section we present the results obtained from Eq. (54) for the following scenario (see
also sketch 4):

During radiation domination a FPT is triggered at time t,,. and emits GWs by bubble collision
at time t, on sub-horizon scales k > a,H,. The GWs manifest themselves as shear perturba-
tions. The transition completes within less than a Hubble time t, + 1/8, where > H(t,).
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The shear distortions induce second order density perturbations via Eq. (54). After sourcing
the induced density perturbations remain imprinted in the spectrum. Hence we need to iden-
tify the source terms, calculate the density perturbations they induce and transfer them to the
matter power spectrum in order to estimate their impact on structure formation.

Structure

Gravitational Second order
waves density

Phase transition — Anisotropic

bubble collision formation

% SIS % (shear) % perturbations ) ) (n:;tftrrsl(;:;er
HJ-(l)(k,t) 0(1)(k, t) A(2)(k7 £) Propagation Pk, to)
| | y/4 |
1 | v 1
te(Ty) te +1/8 to
B> H(t,)

Figure 4: Timeline and schematic flow chart of the model described in the text. The
green line depicts the time of the phase transition and the radiation of GWs. The flow
chart on top of the line shows the processes happening during that phase on sub-
horizon scales. We assume that these processes happen during the whole period of
the transition. After the transition is completed, the induced perturbations affect the
matter power spectrum today. The two angled lines indicate that the time between
the end of the phase transition and today is much longer than the duration of the
transition.

To do so, we have to use the solution of Eq. (54) to derive the transfer function T (k). In order
to induce any changes at all, the FPT must be strong enough such that the terms not involving
the shear tensor are subdominant. Moreover, as we will see in Eq. (75) the shear is related
to the GW abundance at the transition time via |c))] ~ H, 1/ 3Qgw(x, ) and the first order
perturbations can be estimated as |A(1)| ~ 1074, see Eq. (103). This implies

|AM]2 ~ 1078 and T ap AP ~ oW x 1074, (72)

Therefore we find the pure shear term to be the most interesting and powerful source term
if |oM| > |AMW| ~ 107*. The latter condition is fulfilled for a relatively wide range of phase
transition parameters. For ¢ — oo the duration can be as small as #/H, ~ 100 until the
high-x plateau of pgy reaches a magnitude of 10~*.

Thus, in the following we focus on the self coupling of the shear, namely

AP+ HAD —2H2A@) — %DZA(Z) = §a2D20(U2 : (73)

Following references [28,50,51] the shear tensor is related to the linear, tracefree and trans-
verse metric perturbation by o, = a(h,p)’ and o (hep) (see also Eq. (A.48)). Recall
that in this work a,b = 0,1,2,3 and a,8 = 1,2,3 and the prime denotes derivative with
respect to conformal time. Using the definition of the energy density of GWs

(hap) (%, R PY(x,8)  hop(x, OO (x, t)

,t) = , 74
Pow(x, 1) 2a281G 167G 74
we observe that the squared shear o%(x,t) = 1/2 0,0 is nothing but
1 >
Pow(X, t) = ——0°(x,t). (75)

8nG

We can also transform the divergence of the fractional energy density gradient into a more
familiar variable. To do so, we note, that in a vorticity free and spatially flat space (K = 0) the
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projected derivatives become spatial Laplacians

v2

DaDa = g (76)

and thus the divergence of the fractional density gradient can be written as the Laplacian of
some function & which depends on the relative energy density perturbation 6 :=6p/p

Ax, t) = V26(x, t). (77)

If A(x, t) = A(x, t) is a linear perturbation then 5is equivalent to Bardeen’s variable for the
relative energy density perturbation §( := & + 3H(1 + w)&° with the time component £° of
an arbitrary gauge transformation x* — x* + £ [52] (see also subsection A.6). Therefore,
using Eq. (75) and Eq. (77) the 1 4+ 3 covariant variables can be expressed in a more standard
manner.

Similarly, in a spatially flat spacetime the harmonic decomposition of the variables reduces to
standard Fourier modes (see [52,53])

fx,t)= J free™*, (78)
k

where k is the comoving wave vector and x is the comoving space vector. Applying the Fourier
decomposition to our Eq. (73) while the source is active yields

. ' ,
— 1267 (6) + H()(—Kk)6 7 (6) — 2H(¢) (1 - % (m) ) —k5(0)

8 k* 5
=_§a(t)2a(f) 871G pw(k/a(t)). 72

and the factor —k? can be canceled such that

k

2
a(t)H(t)) ) Sl(f)(t) = g 87TGPGW(k/a(t), t) .

(80)

§l<<z>(t)+H(t)gl(<z)(t)_2Hz(t)(1_%(

For sub-horizon modes we can neglect the unity on the left hand side of the equation. Ad-
ditionally, the right hand side can be formulated in terms of standard abundance Qg by

replacing pew = Piocf2qw and using p,o = % at the time of the phase transition. We assume
that the generation of GWs coincides with the duration of the FPT and thus completes within
less than a Hubble time. Hence we can neglect the friction term H (t)Sl((Z)(t), approximate
a(t) ~a(t,) ~a(t,+1/p) and H(t) ~ H(t,) ~ H(t, +1/p) and use pgy from the previous
subsection. After the phase transition completes the energy density of GWs simply redshifts as
a radiation and we assume that during that time its power as source is negligible. In total our
result reads

1 k*c* -
5P+ ¢ 53 (1) = 8H2Qgw(k/a(t,),t) fort €[t,,t, +1/B], (81)

3a(t,)? k
£(2) 22\, LK 2y o
o (t)+H(t)o, (t)+3a(t)25k (t)=
2 a 4 f
£ k A )
8H(t) (a(t)) Qew(k/a(t),t)~0 fort>t, +1/p (82)
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Figure 5: The integrated dimensionless power spectrum of GWs sourced by a FPT.
The spectrum is evaluated in the middle of the phase transition 7.,. The yellow line
shows the horizon mode and the pink dashed dotted line indicates the peak wave
number of the logarithmic GW abundance. We chose 3/H, = 1 for demonstration
reasons.

Note that the right hand side of Eq. (82) decays as H(t)?/a(t)* and thus can be safely ne-
glected. We have checked this approximation semi-analytically and found it to be consistent,
see Appendix C. Also note that the choice of gauge is of negligible importance for sub-horizon
modes.

Solving the equation: Next, we solve Eq. (81) to find 5;{2)(0 and estimate its impact on
the matter power spectrum. This requires us to calculate the energy density in GWs from the
fractional, logarithmic energy density QIGO\%V in Eq. (63). Integrating the equation gives

1 H\2( a 2 (F
Stk )= = poutk, 0 =% (5 ) (1) J AK/B.tv,)AIK . (83)
Prot eff B 1+a Konin "
where we take for kp;, = a*f* the inverse size of the horizon at transition time and v,, = ¢

for the bubble wall velocity. The resulting energy density of GWs as a function of the wave

number is shown in Fig. 5 for the dimensionless time 7 := H, t and wave number k := k.
4 Ly

With this scaling the differential equation becomes

~ 1 ,=
5@k, 1)+ §K25(2)(K,T) =8 Qaw(x, 1), (84)

where primes denote the derivative with respect to unit free time 7 := H,-t. The numerical so-
lution at the end of the phase transition 6@ (k, 7, + %) is shown in Fig. 6 for initial conditions
5@ (x,7,) = 6 (x,7,) = 0. For an analytical resolution of Eq. (84) in various simplifying
limits see appendix D. How to interpret this equation? From the expansion of the pressure to
second order we see that for adiabatic perturbations and small changes in the sound speed on
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sub-horizon scales, that

@ _ 2,0, 5@, 0% 2, 9% @2, 99 2 2 @
p=cp+os+—0p +—5"7"+ —=s R cIp, (85)
$ Jde os Js s
with o := (dp/ds) [54]. Therefore, as for linear perturbations, photon perturbations are

characterized by cs2 = 1/3 and hence Eq. (84) describes the evolution of photon perturbations
5@ = 5'52). Comparing this equation with the wave equation for photon perturbations in the
photon-baryon fluid before photon decoupling [55, 56]

. k2 4
2 _ (0) (0) 0)

o, +c; §5Y = §4TEG (pD 6p+pp 0p+p, 5Y) , (86)
2.2 _ (0) (0) 0

57 +c225, =2(a0s, + 6, + 005, ), (87)

we notice, that what we found is a very similar system. But in our case their oscillations are
driven by the gravitational wave density instead of matter or radiation density component.
Since at that time baryons are still tightly coupled to photons they follow almost the same
wave equation and thus we interpret our findings as baryon acoustic oscillations (BAOs) at
a second order perturbative level driven by the GW energy density. As seen in Fig. 6 the
oscillations lie on top of a dominant peak. The typical sound horizon of the oscillations is
given by

t,+1/p
W . de 1 21
ro = —c, = . (88)
t @y v 3a*/3 V3 kpeak

*

For comparison, the typical sound horizon for standard BAOs and our BAOs is

r, =147 Mpc [57,58], (89)
rSW = 3Mpc, (90)

respectively. Like for the standard BAOs after photon decoupling the baryons will transfer this
information gravitationally to the dark matter perturbations and will thus be imprinted in the
matter power spectrum.

Let us estimate the time on which a FPT has to occur in order to impact the matter power
spectrum by density fluctuations produced via Eq. (84). The typical comoving scale on which
the GW energy density per logarithmic frequency Qg’\;&v(k, t) peaks at the end of the transition
is at

k
peak N 27Tﬁ ’
a, c

(91D

with the phase transition duration 1/f. Around this scale, the source term, the fractional
energy density gy, becomes approximately constant (see Fig. 5). Hence we can use it as a
typical scale which will also be inherited to the induced density perturbations via Eq. (84). We
rewrite the phase transition duration in terms of the Hubble parameter § = rgH, = rgH(t,),
where rg > 1 for transitions shorter than a Hubble time. Therefore, the comoving wave
number where the density fluctuation spectrum is approximately maximal is

_ 2nrgH,a,
kpeak - ¢ , Or

Kpeak = 27Tg . (92)
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Figure 6: Left: In blue the numerical solution of Eq. (84) at the end of the phase
transition and with initial conditions 6@ (x,t) = §®/(k,t) = 0 and for a — oo
and f/H, = 1. We also show the source term in orange at the end of the phase
transition 7., = 7, + H, /. Right: Induced density perturbation by GWs from FPT.
For demonstration purposes we chose a — ©0,f3 = H,. Shown are solutions for
different scales a,H, in comparison with the horizon at matter-radiation equality.

This is analogous to a primordial density fluctuation which enters the horizon at H,a,, only
that in our case we can shift the scale relative to H,a, by the duration ratio rg of the phase
transition.

From then on the scale of the density fluctuation is fixed and the time of a phase transition
that impacts the matter power spectrum at its typical scale must fulfil the condition

2nrgH,a,

—— Zkeg. (93)

This condition is met by late phase transitions around
t:108s—teq ~ T : (O(100) — O(1))eV. (94)

We calculate the Hubble rate for these times using

H(t)=-= (95)

where H, ~ 70Mpc/(kms) ~ 2.27 - 1078571 denotes the Hubble rate today and
Aeq = % = 8'5(').1:?_5 = 2.4-107* is the scale factor at equality (the Hubble rate is

'm0

Heq = H(aeq) = 9-1- 10_14% or teq A 70000years). Integrating this equation leads to an
implicit equation for the scale factor

[1/a + aeq(a—2a.q) + 2a3/2] . (96)

For events sufficiently far enough from equality a < a., we can approximate Eq. (96) and get

t-H 2
‘Hy==
3 Vo

as limiting equation for the scale factor a(t) = \/ 3-Hp+/Qadp - t.

Impact on matter power spectrum: Due to the production of extra deviations 6® from the
energy density by the phase transition the primordial modes around k, = 27ta,H, /c experience
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a modification compared to their standard evolution. The change is captured by the transfer
function

, 5@ k) 2
Tk =1+ (59)(,() ’ 97)

where 55})(k) are the primordial perturbations inside the horizon at t,. Then the altered mat-
ter power spectrum with the amplitude at matter radiation equality compared to the spectrum
today Py(k) is

Peq(k) = T2, (k)Po(k)D3 (cq) (98)

with the approximate linear growth function

Q

5
D+(a)% - >
2% — Q) + (14 Qo/2)(1 +2,/70)

which is D, (a.q) ~ 2.5 10™* around equality. The linear matter power spectrum linearly
extrapolated to today is given by the fitting formula [59]

1
P

In(1 +cy1q) ) 5 -
Po(k):Aok-—q-(1+(c2q)+(c3q) +(caq)® + (cs)*) (100)
1
with
k k
1= Sy 0073, (101)
o xp (~Qpmyon — V2R 75 «
102
— ke =36-1077 o L ke =34-1070 o
k*=1.0.10—1ﬁ - k*=1.0-100M#pC
it etimttid
-/"" ’.—“"- e -—
= " v
Zox /./'
DY -
T~
1074_ ‘/_/
LA
10-5 4 .
10° 10; -
C
k= a.H,

Figure 7: The estimated first order density fluctuations from the matter power spec-
trum in Eq. (103) as a function of dimensionless wave number for different times.
Here k, = a*CH*. The k-axis and the Hubble horizon shown in yellow are given in

terms of the respective time for each of the curves.
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Figure 8: Schematic summary of the deduction of the matter power spectrum with
the effect from gravitational wave induced second order density fluctuations.

and ¢; = 2.34,c, = 3.89,c3 = 16.1,c4 = 5.46 and ¢; = 6.71. The reduced Hubble parameter
is set to h = 0.7 and the abundance of baryons today is Qp,yono = 0.05 and Q2,0 = 0.3 [58].
The amplitude A, of Py(k) is calibrated such that the variance becomes [58]

k2 311(7<R))2 _ (102)

2 _ 2 __ A 1
0.8 —O'S—JO deRZPO(k)x( @

Here j;(x) := sin(x)/x? — cos(x)/x and R = 8 Mpc/h.
In order to derive the transfer function Ty (k) we estimate the amplitude of a typical density
perturbation & il)(k) for sub-horizon modes as standard deviation from P

o -
~ k2 . -
RIE D+(aeq)\J f dk%?o(k)wkz(k) for k, <k, (103)
0
where W, (k) = Uz/ikp(sin(lz/ k) —k/k cos(k/k)) is called window function. The restriction to

modes with k, < k is necessary since only modes that have entered the horizon at the time of
the phase transition are relevant. In Fig. 7 we show Eq. (103) in terms of the dimensionless
wave number x, 55{1)(K -k,) for 10° < «, at different transition times.

We use the estimated primordial density fluctuations to define the transfer function Eq. (97)
which is show in Fig. 9 for some example cases together with the modified matter power
spectrum P at equality. Note that 6® < 1 is fulfilled at all times, see for example Fig. 7. The
whole procedure is schematically summarized in Fig. 8.

As seen in Figs. 9, 10 and 11 the GWs produced by the FPT imprint a peak on the matter
power spectrum around the comoving scale kpe,. The transfer functions decrease rapidly
with smaller phase transition duration rg and also with smaller strength a. This behaviour is
expected from the prefactors of the GW energy density in Eq. (83).

Hence, the height of the peak is determined by the parameters t,, a and rg. We can put limits
on them by requiring that the height of the peak should not exceed the bound set by the cosmic
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Figure 9: The impact of a late phase transition for different starting times t, on the
linear matter power spectrum. We chose for each time an inverse duration of 3 = 3H,
and latent heat a = 3, respectively.

variance of the linear matter power spectrum. The latter is defined via [60]

dm:Jmmmu%w»ﬂmm(%+ﬂ, (104)

which holds for Gaussian random fields. N denotes the number of modes and n is related to
the so called band-averaged trispectrum which can be estimated to 1/n ~ 0.00792 (Gpc/h)3/V
[61]. We estimate the number of modes as 2/N = (27)?/(V - k?Ak) with V ~ 1(Gpc/h)?
and Ak ~ 0.02 - log (k Mpc) (Mpc/h)™! (typical distance between galaxies) which reproduces
approximately the cosmic variance found in [61].

The modified matter power spectrum P should not exceed this bound, i.e

Pk) < o(k), Vk. (105)

In Fig. 12 we show a parameter scan in the a-f-plane for different phase transition times t,.
The red shaded regions are excluded by the cosmic variance bound, while values in the white
region are consistent with it. We observe that only very long rg < 5—6.8 and strong a > 1
phase transitions can be ruled out.

The earlier the phase transition takes place the less is it constrained. FPTs with such extreme
parameter values have been proposed in the past. Long lasting transitions are realized for
example in SUSY [62] and models with a lot of supercooling are for example Randall-Sundrum,
composite Higgs models [42] and models with an almost conformal symmetry in general [16].
In Fig. 13 we convert contour line values into a bound on the GW signal today in the stan-
dard frequency - GW abundance plane. The logarithmic GW abundance today due to bubble
collisions is [34]

2Hlog
h QGwo

(f)=1.67x107°-r;2 (

ker(a)a\2 (1003 [ 0.11v3 3.8(f foeut )
2 () () (v roastr

1+a g, 0.42+72 ) 1+ 2.8(F /fpeal)>®’
(106)

with the peak frequency feq today

_ 0.62 T g \6
=165 x 100 Hz r( )( = )° 107
Fpea v2—0.1v,, +1.8 ?\ 100/ \ 100 (107
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Figure 10: The impact of a late phase transition for different strength a on the linear
matter power spectrum. We chose for each a an inverse duration of 3 = 3H, and
fixed the transition time to t, = 5 x 107 s, respectively.
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Figure 11: The impact of a late phase transition for different duration ratios rg on
the linear matter power spectrum. We chose for each rg a strength a = 3 and fixed
the transition time to t, = 5 x 10 s, respectively.

The time of the phase transition can be converted into the temperature of the plasma by

1
30 3 1 1
=482 \ 8nGt2

and the number of relativistic degrees of freedom g, after the QCD phase transition (and hence
for a late phase transition) is 3.36. Note, that for BSM models this value differs depending on
the field content and their properties. The frequency window is set to f ~ 1.5 x 107! Hz as
lower bound and f ~ 1.5 x 10~ % Hz as upper bound which approximately corresponds to the
right, big k slope of the matter power spectrum. For smaller frequencies our assumption of a
radiation dominated universe becomes very weak.

For comparison, we show also the projected bounds for LISA [2], the timing pulsar arrays [63]
NANOGrav [64, 65], PPTA [66], EPTA [67] and CMB [68-70].
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Figure 12: Parameter scan of a and rg for different transition times t,. The red
colored regions are excluded by cosmic variance and thus a late FPT with these pa-
rameter combination would change structure formation too strongly.

Following reference [17,71,72] the GW energy density can be limited by the effective number
of neutrino species N, via

h2Qew(f) <5.6-107°AN,, (109)

where AN, denotes the deviation from the SM value N, = 3. BBN constrains this number to
AN, < 0.2 [73] giving the bound on the allowed amount of GW before BBN shown in Fig. 13.
The indirect bound for the CMB is taken from [68].

5 Conclusion

Let us summarize the results. In this work we have studied the possible impact of a FPT on
small scale structure via the production of GWs in the radiation dominated epoch. A linear
relation between the energy density of GWs pow(k) and adiabatic density perturbations has
been found by expanding the full non-linear Egs. (5) and (6) to second order in the 1+ 3
covariant formulation. In this formalism the spacetime is decomposed into the direction of
fluid flow and its orthogonal hyper-surface. Then, a set of gauge invariants to first order with
clear geometrical interpretations can be constructed.

When only considering parameters for which the GW energy density surpasses the other source
terms during the transition, the adiabatic density perturbations follow a wave equation which
is driven by the GW energy density. In this case our equation describes photon acoustic oscilla-
tions induced by the GW energy density. Since the photons are still coupled to the baryons at
such times, the baryons undergo the same oscillations which manifest themselves eventually
in the matter power spectrum.

Since phase transitions are typically taking place within the Hubble horizon H, at the time of
the transition the scale on which the perturbations are affected is bounded by the horizon size
k., = a,H,/c. However, we found that the scale that is maximally impacted equals the scale
where the GW energy density per logarithmic frequency has a maximum k, = 2nrg a,H, /c.
This implies that the linear matter power spectrum, if at all, can only be affected on the length
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Figure 13: The GW abundance today as a function of today frequency. Shown are the
projected bound by LISA [2] (dashed-dot blue), the bound set by PTAs [64—67] (solid
blue) and the indirect bounds from CMB and BBN [68-70] (hatched areas). As the
result of our calculation, the red colored regions are excluded by structure formation.
However, many assumptions went into our calculation so the bound should be taken
with care.

scales of galaxies and above if the transition occurred at very late times > 10° s but still within
the radiation dominated regime. Late phase transitions and their impact on structure forma-
tion (also due to gravitational waves) have been discussed in the past, for example in the
matter dominated era [74-76] (in the literature the phrase late time phase transition is some-
times used for transitions after equality or photon decoupling). Specific particle models have
been discussed in [77] and a model with a very late phase transition including a dark energy
component is presented in [78].

The maximally allowed duration 8~! and strength a of a phase transition is bounded by cos-
mic variance and depends on the time of the transition. We find that this bound constrains
these parameters only very weakly, excluding transitions that last longer than 2 1/6.8 Hubble
times in the case the transition is close to equality and 2 1/5 in the case the transition takes
place on galaxy scales. From the parameter set t,,3 and a we derived the GW abundance
per logarithmic frequency today and translated the bounds from structure formation into an
exclusion region in Fig. 13.

Our results are based on the following assumptions. First of all we looked at adiabatic per-
turbations only. We simplified our calculation further by neglecting anisotropy and vorticity
effects as well as current density effects. In principle the anisotropic stress could be also have
effects on the matter power spectrum directly. As a next step it would be reasonable to study
the possible effects of the anisotropic stress on the density perturbations in more details. For
example, its scalar part (corresponding to the quadruple term in the momentum distribution
caused by the bubble collision in the fluid) could constitute a difference in the Bardeen po-
tentials ¥ — & ~ II analogous to neutrino and photon anisotropies and in this way even affect
linear perturbations. The effect of an extra anisotropic stress on the CMB and on curvature
perturbations has been discussed in [79] also using the 1 + 3 covariant formalism. Addition-
ally, one could consider effects of the anisotropic stress on a second perturbative level. A non
zero and transverse anisotropic stress tensor can appear in the non-linear Egs. (5), (6) and
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the conservation laws Egs. (A.20), (A.21) coupled to the acceleration A, and the shear o ,.
The acceleration A(az) is thus not parallel to the density gradient any more which will make the
calculation much more complex when including the anisotropic stress.

In our derivation we assumed the equation of state parameter w and the sound speed cs2 are

2
constant in time and space and also that z-—’; = 275 = csz. In general these parameters could

depend on space and time. However, on the one hand the decline of w close to equality is very
gentle and on the other hand the change within a Hubble time is expected to be negligible. As
closer we get to matter-radiation equality « departs more and more from being 1/3. A rough
estimation gives w ~ 0.27 at t ~ 10'!s.

In this work we found that only strong GWs sourced by phase transitions with a lot of super-
cooling can have effects on structure. In this regime the bubble dynamics is fixed to bubbles
expanding into vacuum and hence the only source of GWs are bubble collisions.

Note also that our study is limited to phase transitions on sub-horizon scales which complete
within a Hubble time 8 > H,. Our results are very close to this boundary and hence effects
of the Hubble friction terms in the wave equation for the GWs and the density perturbations
might suppress the amplitudes even further, shrinking the constrained region in parameter
space.

For perturbations induced from phase transitions at high wavenumbers, it should be also men-
tioned that these will experience non-linear growth at later times. Hence, if there was an
impact at those scales, it will be overlaid by non-linear structure formation.

In future work we will look at more direct consequences of the phase transition on structure
formation. One idea is to take up on the work done Schmid et al. [25,26] and study the effect
on linear perturbations by changing sound speed. As mentioned, in [27] it was shown that the
sound speed does not change a lot in particle models with many scalar fields, but could depart
from 1/+/3 in fermion rich models. Another possibility is to study the direct impact of the
anisotropic stress on linear perturbations, as mentioned before through the difference in the
Bardeen potentials ¥ —® ~ II. Also, the huge amount of supercooling @ > 1 in our calculation
turns the background cosmology from radiation dominated to vacuum energy dominated such
that the equation of motion of the linear density perturbations changes which could also lead
to direct effect on the matter power spectrum.
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A The 1+3-covariant formulation
Quantities in perturbation theory are in general gauge dependent, i.e. they change under

infinitesimal coordinate transformations ¥* = x* + € £%, where € < 1 is a small parameter
and &* € R* is some vector field. Under a linear perturbation an arbitrary tensor field S is
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split into its zeroth-order part® S(©, also referred to as background value, and its first-order
part 5S = €S, ie. S =8O 4+ 5. Under a gauge transformation the latter perturbative
component is not simply mapped to itself but rather receives an additional term dependent of
the gauge vector £ according to

where this additional term is the Lie-derivative L; along & of the background term S © [52,
80, p.59]. In order to make universally valid predictions for a perturbative physical model we
need to introduce gauge invariant quantities.

A tensor field is called gauge invariant to first order if for any vector field £# the Lie-derivative
vanishes [,58(0). Based on the gauge transformation rule in Eq. (A.1) the Stewart & Walker
lemma [81] states that a tensor is gauge invariant® if and only if it either vanishes in the
background, is a constant scalar on the background or can be written as a sum of products of
Kronecker-deltas with constant coefficients [52].

In the spirit of this lemma, Ellis, Bruni and co-authors developed the so called 1 + 3 covariant
formulation of gravity [22,23] based on earlier papers by Heckmann and Schiicking [ 18], Ray-
chaudhuri [19], Ehlers [20] and Hawking [21]. In this section we will follow closely ref. [28].
The advantage of this approach resides in the simple geometric meaning of the central vari-
ables and their gauge invariance which is due to the fact that they vanish in a spatially homoge-
neous background, for example in the background of a Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric. These variables are constructed by decomposing the spacetime into the direc-
tion of the four-velocity of a comoving observer that follows the fluid flow lines x¢ and the
projection tensor into the instantaneous rest space of u?,

_ dx?
Cdr

ua

and hab =& + u,ug, (A2)

with the proper time 7, u®uy, = —1 and g,, being the metric tensor with signature
(—+ ++). We follow the convention of the literature and use Latin indices for four-vectors
a,b,c,--=0,1,2,3and a, 3,7+ =1, 2, 3 for spacelike three-vectors.

The two tensors are perpendicular projectors

b_ b b
hopt” = gopu” +ugupu

=u,—u,=0 (A.3)
that project a spacetime quantity onto the flow lines or in the orthogonal direction which
enables a unique splitting into irreducible timelike and spacelike components (establishing
the name 1 + 3).

Exemplarily the time- and space derivative of a general tensor S;l(j.'.'.' is obtained by projecting
the covariant derivative V ;:

Sap. 4 =1V, Sy P and DSy L i=hlh RS VSO (A.4)

The next step is to describe the kinematics of an observer in this framework under the influence
of gravity and matter represented by the energy momentum tensor T,;. We will set the speed
of light ¢ = 1 and the gravitational coupling ¥ := 8nG = 1, where G is the gravitational
constant.

3Subscripts in parentheses denote the perturbative order.
#Unless stated otherwise, we mean by gauge invariant always gauge invariant to linear order.
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A.1 Kinematic variables

In the 1+3-covariant approach to gravity, the kinematic quantities that determine the motion of
a test particle are the tracefree shear tensor o 4y, := D(ug), the antisymmetric (hence tracefree)
vorticity tensor w,y, := Dyyu,], the volume expansion scalar © := Du, and the four-acceleration
A, = uPVu,, which emerge from the irreducible decomposition of the covariant derivative of
the four-velocity

Vil =0gp + wgp + %@hab —Agup - (A.5)

The here used brackets are defined as
S@b) = %(Sab +Spa) 5 Stab] := %(Sab —Spa) 5 (A.6)
Stapy = h{S.q — %thSthab . Vi :=htv,. (A.7)

Useful identities for these objects are collected in Appendix A.7. In an FLRW universe at zeroth-
order the shear, the vorticity and the acceleration vanish and hence the Stewart & Walker
Lemma provides gauge invariant quantities [82]. Moreover in a spatially homogeneous model
like the FLRW metric the background value of the scalar ©(®)(t) depends solely on time and
thus the spatial derivative D,© is equally gauge-invariant.

A.2 Gravity

In general relativity gravitation arises from intrinsic properties of the spacetime manifold and
matter. Einstein’s field equations formulate this relation by

1
Rap— ERgab =KTyp —A&ap > (A.8)

where R, and R are the Ricci tensor and scalar, respectively, and A is the cosmological con-
stant. The Ricci tensor is the contraction of the Riemann tensor R,;.; which encodes the
curvature of the spacetime manifold. The latter can be split into two parts

1 1
Rabed = Cabea + E(gacRbd + &bdRac — &bcRad — &adRbe) — ER(gacgbd — 8ad8bc) - (A.9)

While Ricci tensor R,;, and scalar R express volume changes due to a local matter source
and hence reflect the local part of the gravitational field, the Weyl tensor C,;.4° contains
information about the propagating degrees of freedom. Using the four-velocity vector, C,p.4
can be decomposed further into the so called electric and magnetic parts [83, 84]

1
Egp = Cppquud and Hyy = Eezdccdbeue, respectively . (A.10)
Both tensors are symmetric, tracefree and gauge invariant due to Ci%)c 4 = 0 in the FLRW

background. As we shall see, the propagation of GWs is mainly governed by the magnetic part
H,;, while the electric part E,; is closely related to tidal forces.

Having discussed long range gravitational effects, let us focus on local gravity which is ex-
pressed by the Ricci tensor and the energy-momentum tensor. For a general fluid the energy-
momentum tensor decomposes with respect to the fundamental timelike velocity field into

Top = puquy + 2u(aqb) +phab + Tap (A.11)

°The Weyl tensor shares all symmetries with the Riemann tensor R,p.q = Regcp> Raved = Riapjred) a0d Roppeq) =0
and is, by construction, additionally tracefree.
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where p := T%u,u, is the energy density, q, := h ab Ty.u® is the energy current density,
p := T,,h®/3 is the pressure and ), := Tqp) the trace-free anisotropic stress. While both
the anisotropic stress and the energy current density again vanish in a FLRW universe and are
thus gauge invariant, the pressure and the energy density depend only on time and hence their
spatial gradients are also gauge invariant to first order.

Rewriting Einstein’s equation as Ry, = k(T — %Tab) + Ag,p leads to three equations that
relate the Ricci tensor and the matter-fields [28],

1
R putu’ = 5 (p+3p)—A, (A.12)
h,’Ry.uf =—xq,, and (A.13)
1
hachbdRcd = KE (p _P)hab +KTTgp + Ahab . (A14)

A.3 Equations of motion

As discussed in the previous sections, the 1 4+ 3 covariant approach identifies gauge invari-
ant components of the energy-momentum tensor, the Riemann tensor and the four velocity
gradient with a clear geometrical and physical meaning. The equations of motion for these
variables are inferred from the Bianchi and Ricci identities and are accompanied by constraint
equations. The equations quoted in this section have been derived in [85, 86], for details see
also the review [28]. Using Eq. (A.14) and the Bianchi identities for the Weyl tensor

1
vdcabcd = v[bRa]c + ggc[bva]R (A.15)

one finds the non-linear propagation equations of the electric and magnetic components of the
Weyl-tensor,

. 1 1 . 1 1
Eqpy = —OFEg— 5K (p+p)ogp + curlHyy, — 5K b — gKGﬁab 5K D(a4qp) — KA(aqp)
c 1 c d c d 1 d
+30'(a Eb)c_gKnb)c +€cd<a ZAHb) —w Eb) +§K7'Cb> , (A.16)
. 1 3
Hyp = —©Hg, — curlEg, + 5K curl gy + 30 (. “Hp) — 5K @(adb)
1
—€cd(a (ZACEb>d — 5K oCpqt + coCHb>d) , (A.17)

while the spacelike constraints become

1 1 1 1 3
DbEab =K [_ Dgp — _Dbﬂ'ab —50q,+ O-abqb] - SHabwb + Eqpe (O-deCd — 5K O)ch)
3 2 3 2 2
(A.18)

and

1 1 1
D’H,, = k(p + p)w, — 5K curlq, + 3E,,w? — 5K Tap” — €404 (ECd + oK nCd) .
(A.19)

Here, the vorticity vector w, := €,,.®"¢/2 has been introduced together with the projection
€abe = Napeqt? of the totally antisymmetric tensor 144
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Table 1: Perturbative expansion of the central quantities in the 1+ 3 covariant theory
in a FLRW background and their first order gauge invariant version. In the third
column the first term refers to the zeroth-order component and the second term to
55 = eSM. Since for most quantities the zeroth-order part is zero and hence S = 55
we often neither use the superposed index nor the 6-symbol for their first-order term.

Variable Symbol Pert‘;li)egg)e f);[;&gl)smn First order GI
Energy density Jel p(t)+p(x,t) D,p(x,t)
Pressure p p(t)+p(x,t) D,p(x,t)
Anisotropic stress T 0+ m(x,t) (X, t)
Energy density current q 0+q(x,t) q(x,t)
Volume expansion e o(t)+06(x,t) D,O(x,t)
Shear o 0+o(x,t) o(x,t)
Vorticity w 0+ w(x,t) w(x,t)
Acceleration A 0+A(x,t) A(x, t)
Long range grav. field (Weyl tensor) C 0+ Capea(x, 1) Cabea(x, 1)

From the Bianchi identity expressing the conservation of energy and momentum V*T,;, = 0
we find the propagation equations for the energy density and the energy flux,

p =—6(p +p)—D%, —24%, — 0Py, (A.20)
, 4
q(a) = _Dap - (P +p)Aa - 5 eqa - (Uab + wab)qb _Dbﬂ:ab - nabAb . (A-Zl)

Finally the Ricci-identities 2V, Vpju. = Rgpeq u? give the Raychaudhuri equation for the vol-
ume expansion and the propagation equations for the shear and the vorticity

. 1 1

6= -3 e?— K (p+3p)—2(c2— w?)+ DA, +AA* + A, (A.22)

. 2 1

O-(ab) = —5 @O’ab — O'C<aO'Cb) — w(awb) + D(aAb) +A(aAb) — Eab + EK Tab > (AZB)
2 1

W) = —3 Ow,— > curlA, + o4y (A.24)

These identities also imply the following constraints for the shear, the vorticity and the mag-
netic component of the Weyl tensor

2
Dboy, = 3 D,O + curl w, + 245 A’ w° —Kkq,, D w,=A,w" (A.25)

)

H,, = curlaab + D(awb) + 2A<acob) . (A.26)

These equations allow us to find the behavior of density perturbations and GWs on a FLRW
background. For a detailed derivation of these equations see [28]. In table 1 we have sum-
marized the central quantities of the 1 4+ 3 approach, their interpretation and their gauge
properties.
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A.4 Linear density perturbations

Spatial inhomogeneities in the matter density are described by the spatial comoving fractional
gradient and the comoving expansion gradient [22]

A, = %Dap, (A.27)
Z,:=aD,®, (A.28)

which are both orthogonal to the fluid flow. In a spatially homogeneous background they
are gauge invariant because p and © depend only on time such that the spatial gradient
Do P lpackground = Dap(t) = 0 vanishes in the background. The time- and space dependent
variations of over- and under densities which are expressed by the orthogonal projected di-
vergence of the comoving fractional gradient aD*A, =: A are closely related to the Laplacian
of the density contrast 6 := 6 p/p. However, besides the usual over- and under densities also
distortions A 45y and vorticity A, can be introduced by the splitting

1
aDyA, = gAhab + A(ab) + A[ab] . (A.29)

Taking into account the equations and constraints from the Bianchi identities, spatial inhomo-
geneities evolve according to the full non-linear equations (5) and (6).

As these equations are too complex to solve we seek to perturb the equations to first order.
Therefore, we have to choose a background model, the FLRW metric, which reads in spherical
coordinates

2
ds? = —dt? + a?(t) |: d rrz +r2dQ(o, 9)} . (A.30)

1-K

The curvature parameter K can be —1,0,4+1. In this background the volume expansion is
related to the Hubble parameter H(t) := d/a by ©°(¢t) = 3H(t) and thus Raychaudhuri’s
equation, the continuity equation and the Friedmann equation read

. 1
H=—H2—%(p +3p)+ A, p=-8H(p+p), and (A.31)

K K 1
H?=—p——+=A. A.32
3 a? 3 ( )

The evolution equation for linear density perturbations in a barotropic perfect fluid p = wp in
a FLRW universe © = 3H(t) with zero vorticity w,;, = 0 is then obtained from these equations
setting the energy current density and the anisotropic stress to zero. This leads to [23]

.. 3 .
A:—2(1—3w+5c52)HA

1 5 3 5 ) 12(w—c52)K
+K[(§+4a)—3cs—§w )p+(5w—305)A—T A

+c?D?A. (A.33)

Since for first order gauge invariant variables the zeroth order is zero we omit their perturba-
tive labels and since appearing p’s, p’s and ©’s always occur together with a gauge invariant
variable they must be of zeroth order such that we can also omit their superscripts.

It is useful to convert this equation into k-space by expanding A in scalar harmonics @y such
. 2

that A = fk A Q. The latter ones have the properties Q; = 0 and D?Q; = —];—2 Q. (see

appendix B for more information). In a spatially flat spacetime K = 0 the scalar harmonics
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are plane waves. For a radiation dominated, flat universe we have w = cs2 =1/3, H=1/(2t),
a(t)=apg/t/ty, kp = p©@ =3/(4t%) and K = 0 such that in a comoving frame the dynamical
equation for the k-th density perturbation mode yields

dzA"+l%—i 1—1(L)2 Ag=0 (A.34)
dez 2t dt 22 6 \a(t)H(t) k= '

which during radiation domination yields an oscillatory solution on sub-horizon scales and a
linearly growing solution on super-horizon scales. During matter domination all modes grow
with ~ ¢2/3,

A.5 Linear metric perturbations: Gravitational waves

In the 1+ 3 covariant approach long range gravity effects are incorporated by the Weyl tensor
and hence GWs are monitored by means of the transverse and tracefree components of its
electric and magnetic parts. Linearizing the propagation equations Eq. (A.16), Eq. (A.17) and
the constraints Eq. (A.18), Eq. (A.19) these equations read [87]

1 ) 1
Eab = _®Eab + CurlHab - EK [(p +p)aab - D(aqb) + Tp + Eenab] ) (A.35)

1
Hab =—®Hab— CurlEab—zKTCab, (A36)
) 1 1 1, ) 1
DE,, =K g@qb + gDaP + ED ey | and D Hgy, = EK[Z(p +p)w, + curlq,] . (A.37)

Hence in the absence of vorticity, the electric and magnetic parts of the Weyl tensor that are
not sourced by density gradients (D,p = D,© = 0) are transverse tensors for a perfect fluid
(14 = q, = 0) on a FLRW background (© = 3H(t)) and due to Eq. (A.25) this is also true for
the shear

DE,; =0, D%H,, =0 and D%, =0. (A.38)
Using the linearized equations of motion for the shear Eq. (A.23) and the Weyl tensors, the
latter ones can be eliminated from the discussion, see [29], to give the propagation equation

1
d'ab+5H(t)d'ab+EKp(l—ga))O'ab—DZO'ab =0, (A.39)

in the absence of curvature K = 0.

A.6 Connection to Bardeen-formalism and Newtonian theory

The standard formalism frequently used for studying structure formation is based on the ap-
proach introduced by Bardeen [88]. In reference [52] Bruni et al. gave the transformation
equations between the 1+ 3-formalism presented here, and the 3 + 1-slicing used by Bardeen.
For later use and to connect to the more common formalism of Bardeen let us briefly re-
peat here the transformation rules. Primes denote in the following the conformal derivative
dn = dt/a. We introduce the perturbed metric parametrized as

ds? = a®(n) {—(1 + 24)dn? — 2B, dndx* + [(1 —2D)5 45 + 2E,5]dx*dxP)} ,  (A.40)

—2A —B
or gup ="Mapt+ 6gab = aZ Nap + N )
—B, —2D&,p +2E,p,

where D =1/6-6¢5 and 6 ap E,p = 0. The vector B is commonly split into a curl free, longitu-
dinal part V x Bll = 0 and a source free, transverse V-B* = 0 such that B = B/l + BL. While the
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first part can be written in terms of a scalar potential B the latter one originates from a vector

potential. Similarly the tensor E can be split into the components E, 5 = E(ll s +E i/& +E§ﬁ , where
the first two again can be derived from a scalar and a vector potential E and E, respectively,
and the last one fulfils the transversity conditions for tensors

1
E'a'ﬁ = (3,5 —géaﬁvz)E, (A.41)
1 .
Ei'ﬁ = —E(aﬁEa +0,E5) with V-E=0, (A.42)
§70/El; =0 and §*PEL =0. (A.43)
The invariant form of the density variation 6 := 6p/p under a gauge transformation
x® — x*+ €& reads

~ a’
6=06+3—(1+w)&°. (A.44)

a
With the splitting introduced above and the scalar potential Bl =: —VB the gauge invariant

form of the scalar perturbations in terms of the metric perturbation parameters is
/
§=6-31+w)L(v-B), (A.45)
a

where the fluid velocity perturbation is éu, =: 1/a - v,, which also splits like the vector B in
v = vl + vl with the potential vl = —vv. A gauge is specified by choosing values for v and
B. Similarly, the other perturbative quantities can be made gauge invariant. The projected
comoving density gradient A is

A=aVé—3d(1+w)V,, (A.46)
where V, := v+ —B*. Hence its divergence yields
A=V3§, (A.47)

due to V- v+ = V-B+ = 0. Eq. (A.47) is the desired connection between the common gauge
invariant Bardeen variable for the density perturbation and the 1 + 3 scalar variations.

The shear tensor 0,4, describing GWs in the 1+3 formalism, is closely related to the transverse
and tracefree part of the tensor perturbation Ei which equals the commonly used h,g in the
transverse tracefree gauge and is gauge invariant by itself. The shear tensor expressed in terms
of Bardeen parametrized metric perturbation reads

Oap =a(VapVs +ViaVsp)+Enp), (A.48)
where Ay 1= V,Vpg — %5aﬁvz and Vg := v —D’. For the purpose of this work we will
only need the relations between the projected density gradient and the shear with Bardeens

variables given in Egs. (A.47) and (A.48), respectively. Analog expressions for other quantities
can be found in [52].

A.7 Important identities in 1+3 covariant theory

The orthogonal projected gradient and the time derivative of the orthogonal projection oper-
ator h,;, meet the relations [28,52]

D,hp. =0, (A.49)
Dahab = ub@, (ASO)
hap = UpAg + UAyp . (A.51)
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Calculating the projected gradient of the four velocity gives

1
Dbua = Ogp + Wap + §®hab . (ASZ)

Also important are the commutation laws for the derivatives which we simply repeat from
reference [28]. For a scalar f, a vector v, and a tensor S,; we have for the spatial derivative

D[an]f = —wabf > (A.53)
) 1
DiaDp Ve = =WapVia) + 5 Racba?" (A.54)
. 1
D[an]Scd = _wabhcehdfsef + E(Recbased + Redbasce)) (ASS)

where R ;.4 is the Riemann tensor in the local rest space of the observer.
Similarly the time derivative and the space derivative do not commute in general

D.f —h,’(Dyf) =—fA, + %@Daf +Dyf (0P, + w?) . (A.56)

B Harmonic Decomposition

It is convenient to expand all scalars, vectors and tensors in harmonic functions. No matter
if scalar harmonic Qy, vector harmonic Qy , or tensor harmonic Qy .5, their defining prop-
erty is to be an eigenfunction of the orthogonal projected Laplace operator (Laplace-Beltrami
equation)

k2
D? Qk,{ ,a,ab} = _ﬁ Qk,{ ,a,ab} s (B.1)

with eigenvalue —k?/a?. In case of a flat space K = 0 the orthogonal projected Laplace oper-
ator D? reduces to the usual Laplace operator V2/a? such that the harmonic functions Q are
Fourier transforms [80,89]. Scalar, vector and tensor modes thus transform like

flx0)= f dkfi(£)Qx, Vi (x, t)=fdk > vt B2
m=-—1,1
ST(x,t) = f dk > s/tmolm (B.3)
m=—2,2

with
Qx = exp(ik-x),

—i . .
0l = (e kie;) exp(ik-),

g
3 , . _
Qar = ‘\E(el +iey), (e  iey), exp ik ),
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where e, and e, are orthonormal basis vectors. The scalar part of a vector and the scalar- and
vector part of a tensor expand like

vl = f dk(—i%)Vka, B.4)
kok
Sclzlb = J dk( 2 . ab)Ska: (B.5)
f Z (——)(k scmMa + ks Mo, (B.6)
—1,+

respectively.

C Decay of the source after the FoPT

We will now show that the GW source decays sufficiently fast after the PT such that we can take
the right hand side of Eq. (82) to zero. We first perform the adimensional change of variables

alt) 1 al . H[z]* af
§"(k,7) + L8 (k, 7) + = —— 28 (k, ) = 8 .
al7] 3a[7]? HZ a[7]*
Note that Qgw(x, T > 7¢) = Qgw(k, T5) := Qgw(x) is a constant in time, where 7, = 7,+1/rg
is the time when the PT ends. We can now solve the homogeneous part of Eq. (C.1) for a
general a[T]:

QGW(K’ T). (Cl)

T T
~ a,K 1 a,K 1
on(k,T>7:)=C,cos | == dt’ | +D_ sin | == dt’ |, (C.2)
" R IV B e | V3 L ]

*2T

which in the radiation dominated universe simplifies to a(7) = a, /= and H(t)=H

27T,.K

Sh(K,T>Tf)=CKcos[ 73 (v7— \/—)]+D sm[ :;%K (ﬁ—ﬁ)] (C.3)

This is the solution sourced solely by the GW energy during the PT. Turning now to the solution
sourced by the GW after the PT, using the variation of parameters method we find

8(K,T>Tf)28h(K,T>Tf)+8nh(l< T>1T5), (C.4)
5k, 7> T) =CQ(K,T)cos[ ‘/;K (V7 - \/_)]
+DQ(K,T)sin[ ‘/;K (\/_ \/_)] (C.5)
ey (V-
1/_8 ,]4 QGW(K)\/751 (Lﬁ‘/_))
Ca(x, 7) =—J dt’, (C.6)
Tf
2 g4 K4/Ty \/——
1;2] a[T*/]4 QGW(K)\/7 (”_—ﬂ)
Dq(x,7) = f dt’. (C.7)
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For demonstration purposes we will now recombine the trigonometric functions into a single
one with a phase by using the identity

Ccosx + Dsinx = Asin(x + ¢), (C.8)

where the new amplitude is given by A = +/C2+ D2 and the relative phase ¢ = arctan %.
Applying this identity into Egs. (C.3) and (C.5) we obtain

Sh(K‘,T>Tf):AKSiI‘1|:2:;*§K (ﬁ— \/T_f)+¢,(:|, (C.9)
th(K,T>Tf):AQ(K,T)SiHI:Z‘/EK (ﬁ— ﬁ)+¢g] . (C.10)

We now compare the relative sizes of the amplitudes A,., the amplitude of the solution sourced
by the gravitational wave energy at ty, and Ag(x, T¢q), the amplitude of the solution sourced
by the gravitational wave energy after t; at t.q. As can be seen in Fig. (14), the homogeneous
solution dominates and thus taking the right hand side of Eq. (82) to zero is a sound approxi-
mation.

102 -

A, /Aq

101 T T

10° 10t 102
_ ck

k= H.a,

Figure 14: Ratio between the amplitudes in Egs. (C.9) and (C.10) evaluated at teq
for a benchamark strong PT with @ — 00, rg = 1 and ¢, = 10'%s. Note that the
ratio is always bigger than 20, meaning that the solution sourced by the decaying
GW source after t; can be safely neglected in Eq. (82).

D Analytical solution of the GW sourced wave equation in the
small and high wave number limit

We start from the source given by Eq. (64). By performing the variable tranformations t = H, 7
and k = I%K and by slightly abusing the notation, we obtain
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L(r) = %(T — )= 1), D.1)
" 2
2k, 1) = L(r)ZE 1+ (gzL(T)) =, (D.2)
B+ (51(0)" + (51(D))
Alx,7) = (rﬁ)z(f —n)zf2 (~5). (D3)
log (K T) (rﬂ) A(K T), (D.4)
Qaw (x,7) = f Qg}“?\, (v, T)legK/. (D.5)

Then, we want to expand the quantity Qg (x, 7) around k = 0 and k — 00. The expansion
around k = 0 can simply be done by first expanding Q?\%} and then integrating:

QIOW CIOW(K Kmin)o (T, — )41 + 7, —Z’L'f) with (D.6)
1 a?

clow—Zp,—— D.7

oW =3P 2 b7

Note, however, that the same cannot be applied for the high x limit, since the integration of
Qlc?x will necessarily run over small values of k. In order to solve this issue, we first obtain
the value of ke, defined as

high H,c 1
) — Keross = 3_*_—2 ’ (D.8)
B v(ty—1,)
which is the value of k for which the low and high « limits of the GW energy density intersect
at T = 7. Then for the high x approximation of Qgy we can write

1 1
( - (erak: Tf )) = (Qg\%}(erak’ Tf)

. Kpeak 1 K
qish — f (208 x, )" dlogx’ + J (268 (x, T)) ! dlogx’
Kmin erak (Dg)
1

K—K
—CIOWK DT, —)Hr+T1,—27 2~|rChlgh min ,
( peak — mln) ( ) ( f) KK min (T T, — 2Tf )2

high o
and Cpr 81c [33 (Ha)zexeff

In these two regimes the differential equation Eq. (84) can be solved analytically. Note,
that the equation is only valid during the FPT, ie. 7, < 7 < 7. The homo-

geneus part of the equation is given by 6”(k,T) + %KZS(K,T) = 0 with a trivial solution:
Sk, 7) = A cos( el )+ B sm( weld ), where A, and B, are given by the initial condi-

tions. We can then use the variation of parameters method to obtain the solution to the
non-homogeneous solution which is given by

§P(k,7)= 5}(12)(;<, 7:)+¥ [sin (%T)f ' cos (7 )QGW(%, k)dT

_cos(%r)f sm( )QGW(%,K)d%] . (D.10)
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Since Qew (7, k) is O for times before the phase transition the non-homogeneus part is 0 when
T < T,. The lower limit of the integral becomes 7, if T > 7,. If we assume that the source
decays quickly after 7, the upper limit of the integral becomes 7 if T > t;. Therefore, the
expression evaluated at T > 7y, i.e. right after the end of the phase transition, becomes

5(x,T > Tp)= Sh(K, T)+ ? [sin(%r) J;f cos (%%) Qaw(T,x)dT
—cos (%7) JTf sin (%%) Qaw (T, K)d%i| .

We can see that before 7,, § behaves as an harmonic oscillating function with constants A and
By given by an initial value. During the phase transition, the time dependence of 5 will be a
complicated function. However, for times 7 > 7 the integrals become constants in time (they
still depend on k) and therefore § is again an harmonic oscillation with modified amplitudes
for each «.

We can now solve these integrals in the limits for low and high x by substituting Qg in
Eq. (D.11) by Eqs. (D.7) and (D.9). The solution for ®1°" becomes

(D.11)

5k, T > TF)= 5u(x,7) + by (x, T)

= (A, +A§%K)cos(ﬁ)+(3 +B§V$K)sin(%), (D.12)

where Alc‘;’%x and BIGOV";K are the 'modified’ amplitudes due to the effect of the FPT in the low k

limit. They are given by

1
Alow —_ 24C OW(K mm)
GWk
[2«/§r/;1;<(2160sin(”*)+(1080+36r/;2;<2+r 4)sin(ﬁ))
V3 B V3
KT
1944O+216r_2 2—6r k4 — 70k cos(—f)
( B ) @
+432(2r;%%% — 45) cos('i/%*)] , (D.13)
24C50 (=13 )
BGWKIOW: 3
K
— KT _ _ KT
24/3r 1(21601((:08( *)+;< 1080 + 3613 2k% + ;4 cos(—))
[ B V3 ( B B ) V3
KT
+ —19440—216r_21<2+6r Kk + 70k sin(—f)
( B B ) V3
_ . KT
+432(45—2rﬁ21<2)sm(\/§*)]. (D.14)

Analogously, for high x we have
Shigh (k7 > TF)= 5u(x,T) + 6hlgh(1< T)

= (A +A2E )c os(%) + (B, + B2 )si n(%) (D.15)
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high
with the constants AGW B and B GW 3

given by

h1gh

rﬁ COoS

high  dow w (K —Kpeak) [ ( f) (m*)
A =A — rgsin| — 3rg sin
GW GWK peak 3 \/_K K peal B /3 B /3
2 K(ZT —7,)
+24/3k | | ci| = al #)
\/_T[j \/§
k(2T —1,)
o sil =X ( f : ) , (D.16)
1/_7”[5 ﬁ
h1gh
et o))
B =B — 3rp cos
GW GWK peak 3 1/_7(' Kpeak /3 B /3
K K(ZT FT) )
T 243k in [ S0 T
(( (‘/_’”/5) (‘/5’”/5)) V3
k(2Tf — T*))
+ Si cos| ——— . (D.17)
( (‘/_r/&) (ﬁrﬁ)) ( V3
Here the functions Ci(x) and Si(x) are the CosIntegral and SinIntegral functions, respectively,
defined by Ci(x) = f(;c ©*Ldt and Si(x) = f(;c lde.
In order to compare these results with the numerical solution, we evaluate Egs. (D.12) and
(D.15)inTt=~7 f-Asaa benchmark scenario, we choose extreme values for the phase tran-
sition parameters: 3 = H,, @ = 00, v =, kegr = 1, € = 0.01, which yields ke, = 3. In Fig.
15 we show the analytic results in the two k-regimes compared to the numerical solution for
zero initial conditions.

10°
1071 - .
Tl o
d
I
2 1072 <
= i
D b
o g
103 5 g
=
=
(=]
T
104 5 . Numerical ==+ Low k limit
=+ High & limit
i

10° 10! 102
_ ck
k= H.a,

Figure 15: Comparison between the analytic solution for the density perturbations
at second order 6@ evaluated at v = 7 ¢ in the low- and high « limit with the full
numerical solution.
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