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Abstract. We consider a theory which contains massless scalar
fields with different sound speeds. For these theories we derive
unitarity relations for partial wave amplitudes of 2 — 2 scatter-
ing, with explicit formulas for contributions of two-particle
intermediate states. We also obtain unitarity bounds both in
the most general case and in the case considered in the literature
for the speed of sound, equal to unity. We illustrate our unitarity
relations by explicit one-loop calculation to the first nontrivial
order in couplings in a simple model of two scalar fields with
different sound speeds. Obtained unitarity bounds can be used
to estimating the strong coupling scale of a pertinent effective
field theory (EFT).

Keywords: unitarity, quantum field theory, scalar field, cosmology

1. Introduction

Scalar-tensor theories of gravity with nontrivial scalar kinetic
terms and/or nonminimal couplings are commonly used to
construct models of inflation [1-5] as well as novel cosmolo-
gical models such as genesis [6—11] and bounce [12-20]. Such
theories are also popular in modeling dark energy, e.g.,
Refs [21-29]. In Ref. [30] the authors discuss corresponding
constraints on the dark energy models in the framework of the
scalar-tensor theories after gravitational-wave event
GW170817.

In these scalar-tensor theories, perturbations about
nontrivial backgrounds often propagate with ‘sound speeds’
different from the speed of light and, moreover, perturbations
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of different types (e.g., scalar vs tensor in the cosmological
context) have different sound speeds. Another feature is that
some constructions involve time-dependent couplings which
are dangerously large during certain time intervals. An
example is the Horndeski theory [31], whose subclass allows
genesis and bounce ! with ‘strong gravity in the past’ (effective
Planck mass tends to zero as t — —oo) [36]; in this way, one
evades the no-go theorem of Refs [37, 38]. In [39], the authors
also evade the latter no-go theorem but in a slightly different
manner than in [36].

An important parameter in an effective quantum field
theory (QFT) is the energy scale of strong coupling or, in
other words, the maximum energy below which the effective
QFT description is trustworthy. Scalar-tensor theories of
gravitation, especially those featuring large couplings, are
not exceptional in this regard. While the strong coupling
energy scale can often be qualitatively estimated by naive
dimensional analysis, more accurate estimates are obtained
using unitarity bounds that follow from general unitarity
relations. This motivates us to derive unitarity relations and
unitarity bounds in theories with different sound speeds of
different perturbations.

In this paper, we consider theories with several scalar
fields; theories of particles with spin can be treated in a similar
way.? We also study theories in flat space—time and with a
trivial background; this treatment is also expected to be
relevant for nontrivial backgrounds, since the classical
description of a background is legitimate provided that its
classical energy scale is well below the quantum strong
coupling scale, in which case the space—time dependence of
the background is expected to be negligible when evaluating
the quantum scale. Indeed, in [40], the results of this paper are
used in order to evaluate the quantum energy scale of strong
coupling in the model of Horndeski bounce.

! Note that models of genesis and bounce often require violation of the
Penrose theorem [32] and, in particular, violation of the null energy
condition (NEC) [33, 34] (see also review [35]). The Horndeski theory
allows violation of the NEC.

2 Bosonic perturbations with spin can often be reduced to effective scalar
perturbations at the expense of violation of Lorentz invariance, which
occurs in nontrivial backgrounds anyway.
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An adequate approach to unitarity relations and unitarity
bounds makes use of Partial Wave Amplitudes (PWAs) (see,
e.g., Refs [41-44]). We follow this approach in our paper. We
aim at a self-contained presentation and give detailed
derivations, even though many steps follow closely the
analyses existing in the literature. In this sense this paper
may serve as a pedagogical mini-review of the subject, with
the novelty lying in the fact that we consider different sound
speeds of different excitations.

This paper is organized as follows. We derive in Section 2
the general unitarity relations for PWAs of 2 — 2 scattering,
paying special attention to two-particle intermediate states.
In Section 2, we also derive the unitarity bounds. To this end,
in Section 2.1 we describe the class of theories we are dealing
with. We then study separately the cases of a pair of
distinguishable particles in the intermediate state (Sec-
tion 2.1) and a pair of identical particles (Section 2.2).
Unitarity bounds are derived in Section 2.3. We give an
illustrative example in Section 2.4, where we explicitly check
the validity of the unitarity relation to the leading nontrivial
order in a simple model of two real scalar fields. The
Appendix is dedicated to the time-reversal invariance and its
consequence for PWA’s symmetry.

2. Unitarity relation

In this section, we proceed in the spirit of Ref. [41] and obtain
the unitarity relation for 2 — 2 scattering processes in
theories with scalar fields ¢; whose sound speeds u; are
different. In further analysis, we consider massless case. The
quadratic action reads

1. 1
S = Z Seis Se, = Jd4x <§ ¢ - B ”12(V¢’i)2> :

The linearized equation of motion for ¢, is
¢ — ulAd; =0,
and its solution can be written as follows:
dk; 1
(275)3 V 2Eki

+ a,:, exp (iE, 1 — ikx)] ,

[ax, exp (—1Ext + ikx)

bix.0) = |

where
E, =uik;, (1)
and the operators g, and aJ obey the standard commuta-

tional relation

g, @] = (21)°5 D (k] — k)3, (2)

1

and all other commutators equal zero. We define the one-
particle state as follows:

D) = V/2Ep, al0),
so that one has the standard relation

(0i(x, 1)[p;) = exp (=Bt +ipx)y;

while the normalization of this state is given by

(o/Ip) = (2n)’ | 2E,2E,, 59 (p; = p))d; (3)

In the ith one-particle sector, we have

— Gl
| s P
The S-matrix and T-matrix are related in the standard
way,

S=1+iT,

and we extract from T the overall d-function of 4-momentum
conservation:

T=(2n)'0*(PY — PM)M, (4)

where P* = 3" pk and P =3 pl, are total 4-momenta of
the initial and final states, respectively.
Now, we consider an initial state

|lﬁ, ﬁ> =V 2Ep| V 2E172(l;1 a;z|0> ) (5)

with two particles of momenta p;, and p,, and a final state
[’, p"), with two particles of momenta p; and p;. Notation f3
refers to the types of the two particles, f = {;, ¢;}, while the
notation  is shorthand for the pair of momenta,

v ={p;,p,}. Thus,
|Ip’ﬁ> = |¢i7pl> & |¢]7 p2> .

In Eqn (5), we do not explicitly indicate the type of particle to
simplify formulas and write alfl = a;,,, etc.
Our purpose is to derive the unitarity relation for the

partial wave amplitudes.

2.1 Distinguishable particles
Let us begin with the case of distinguishable particles in a pair
B ={¢; ¢;}. In the next section, we consider the case of
identical particles.

The scalar product of states [y, ) and |y, f) is

W' B W, B) = (2m)° 2E,, 2,0 (p{ — )8 (p3 — p2)dprs

(6)

This follows from the one-particle state normalization (3).
In what follows, we consider the center-of-mass frame of
the two-particle system. In this frame, we denote
P=pi =P p =p| = [Pi| = [p2|. Let p = p/p be the unit
vector along p and 0, ¢ be the corresponding angles. We
now replace the variables p;, p, in (6) by P* = p{' + p4, 0,
and ¢, where we have in mind that in the vicinity of the
center-of-mass frame we have P ~ (E,0), where E =
(u1p + uzp) p and u1g = u;, urp = u; are sound speeds of the
two particles in the pair f = {¢;,¢;}. For the volume
element, we have

2
&p, &’p, = E*Pp2dpdp=—L—

d*prdp,
uip + top
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which gives

SV (p{ — )0 (p5 — py)dgp

uip +u
:% WP =P (B — By,
and hence
("B ) = (2m) g+ 1) 8 (P = P
x 3D —p)ogp - @)

As the next step, we introduce a two-particle state of
definite angular momentum in the center-of-mass frame. The
reason is that the unitarity relations have a particularly simple
form for the partial-wave amplitudes [41-44] (PWAs). The
relevant state is given by

1

|l7m77)#7ﬁ> \/4—"‘

jdp Y7 (®)W.B) (8)

where the integration runs over the unit sphere and Y;" is the
spherical function,

21+ 1) (1= |ml)!
(1+ |ml)!

(=1)"P/"(x); the Y

Y/m(f)) = (71)(\;n\7m)/2 exp (1m¢) Pl\m\ (COS 6)7

where we use the notation P, (x) =
functions obey orthonormality

j db Y} () Y} () = 01 G (9)

Let us also note that / is a standard notation for angular
momentum and m is its projection on some axis. The scalar
product of these states is found from (7):

(I';m', P B'[1,m, P*, B) = dmuy pusg(urp + uzp)
x (21)* W (PR — PEYS 118y Spp -

Thus, the decomposition of the unit operator reads

1
1= |d*P Lm, P* p){I,m, P* B| ——+ ..., (10
| > ) St 0
where summation runs over all two-particle states and
N(ﬁ) = 2(2n)5u1ﬁu2/;(u1/; + uzlg) . (1 1)

The ellipsis in (10) stand for terms with multiparticle states.
We omit these terms in what follows and comment later on
how they affect the unitarity relation.

Let us now write the partial wave amplitude [45, 46],

I
T g = (i’ PY B\ T\ m, P, B).
It is given by

70

s =7 [dp[dp ) Y () B T\ )

Due to rotational invariance, the 7-matrix does not vanish
only for m’ = m and does not depend on m [45, 46]. Thus, we

can write
/ (1)

= 6m’m Z ps af

0
T
=, 241

m'B’smp

We now turn to the addition theorem for the spherical
harmonics, which states that the /-order Legendre polyno-
mial, depending on angle y, can be expressed through the
production of spherical harmonics as follows [47]:

m* I’I’l 21
Z Y] NYMp) = ? Pi(cosy),

m=—1

wherey = /(p’, p) is the angle between the two momenta, and
arrive at

70

o = 1o [ b [ Pitcosny B IT10: ).

where, again due to rotational invariance, (', 8’ |T|y,f)
does not depend on angular variables except for y. Because of
this property, it is straightforward to integrate over all angles
but y and obtain

6;71’171
T = Jd(cosy)P,(cosy)(l,b/,ﬁ’|T|l//,ﬁ).

Using (4), we obtain
T = oo @ (pr— i) dmim EE Jd(cos 7) Pi(cosy) Mg .

Finally, we define the partial wave amplitude,

1
aLpp = Ejd(COSV)Pz(COS“/)Mﬁ% (12)
and T-matrix can be written as follows
T\ g = 16n20)* 0 D (PH — POy i (13)

Now, we turn to the unitarity relation. The unitarity of the
S matrix, SST = S8 = I, implies

T-TF=i1Tt =iT'T.

Inserting the unit operator given by (10) into the right-hand
side, we find
-l
- I(Tn(l ')/f';m/f mﬁ m'ﬁ’)
|

_ 4N
N Jd 73 ’,nllzﬂ// N(ﬁ”)

0 () *
Tm’ﬁ’;m”ﬂ” Tmﬂ;m”ﬁ” .

We make use of (13) and recall the definition of N(f),
Eqn (11), to obtain the unitarity relation in terms of
PWAs:

i . 2 *

where uy, and u», are sound speeds of particles in the
intermediate state .

lOne often assumes time reversal invariance, which gives
T, ,(1/) Brmp = Tn(?;; g and hence ay 5 = aj, p, (see Appendix and

¥
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Refs [45, 46]). In that case, the unitarity relation reads
2
Ima; ,.p = — 1,0y 4] -
of Z u, MZ}'(uly T uz},) vy YL aB

For u, = uy, = 1, this relation coincides with the standard
one (see, e.g., Refs [41, 48]).

2.2 Identical particles
We now consider the case of identical particles in a pair 5. We
again define two-particle states as follows:

|l//7 ﬁ) =V 2E171 \% 2E172a1j] LI[L|O> )

where f§ = {¢;, ¢}, while the commutational relation is still
given by (2). In the case of identical particles, the normal-
ization of the two-particle state is different from (6):

W' B, B) = (2m) 2K, 2E,, (6 (p] — p1)0 ) (p) — p2)
+09(p3 = )3 (p] — po))dpp - (14)

We proceed along the same lines as in Section 2.1. The change
of variables in (14) gives

<‘/’l7ﬁ,|lﬁ,ﬁ> = (21’[)6 814/? 5(4) (Pu/ _ 7),1)
X (()<2)(i)/ o f)) + 0(2)(131 + f)))é/f/{’ :

where ug = u; is the sound speed of the particle ¢,. The states
of definite angular momentum are still given by (8), but the
scalar product of these states is now

{';m' PH B\, m, P" B)

" 4n

x (YD) Y™ (B) + Y7 (B) Y1 (—D)) -

1 de) (202 813 (2m)*5 4 (P — PH)y
(15)

Since identical scalars always have even? /, we consider even /
until the end of this subsection without mentioning this
explicitly. Making use of the properties of the spherical
functions, Eqns (9), and (A.2a), we get

<l,’ml77)#,?[))/|l7 m,’P#7ﬂ>
= 2m8uj (2m)* 0 W (P — P!)oy Sy pp

and the contribution of two-particle states with identical
particles to the decomposition of the unit operator reads
1

1 = d4'P 17}’)1’73“7 Lm”])#’ 7+7
J l%;ﬁ' B>< ﬁ| Nidemical(ﬁ)

where
Nigenticat () = (270)° 8u/§ .

Note that Nigenticat (4p) = 2N (uyp, M25)|ul/;:uzﬂ:u;’ where N has
been introduced in (11), i.e., if all particles have the same
sound speed, then the normalization factor N is twice as large
for identical particles, as opposed to distinguishable particles.
We repeat the calculations in Section 2.1 and find that the
contribution to the PWA unitarity relation from intermediate

3 This can be seen also from Eqn (15): the integral on the right-hand side
vanishes for odd /.

states y with two identical particles is given by

—E(a/,iﬁ —a/p,) = Z 3,3 Ui py +o

In a T-invariant (i.e., there is the time-reversal invariance)
theory one has

l *
Imal.a/} = E 21/173017@}-&177/5#*... .
y M

The ellipses in formulas above mean the multiparticle state
terms. This is consistent with Refs [44, 48]: if all particles have
the same sound speed, then the contribution of identical
particles in the intermediate state has the extra factor 1/2, as
opposed to distinguishable particles.

2.3 Unitary bound
We combine the results of Sections 2.1 and 2.2 and write the
PWA unitarity relation as follows:

i

) (a0 — a/y,) = ngal,waf/;y ; (16)
where
2 .. .
, = ————— distinguishable, (17a)
uty iy (ury + uzy)
1 . .
g = o identical , (17b)

where Eqns (17a) and (17b) refer to distinguishable and
identical particles in the two-particle intermediate state,
respectively. We still do not write contributions explicitly
due to multiparticle intermediate states. We note in passing
that Eqn (16) can be written in the matrix form,
i

—5(ar = af) =argal,
where g is the diagonal matrix with matrix elements g,.

To obtain the unitary bound, we introduce rescaled
amplitudes a; .4 via

aop = —— . (18)

In terms of the rescaled amplitudes, we write the unitarity
relation (16) in a simpler form:

—% ([117 af — d/ikﬁoc) = Z [1/, ocyd;j[gy + ZAL MMA; MB > (19)
v M

or in matrix form:
i, 5 o
—=(a - a,T) =aqa, + A,A]T ,

: (20)

where we restore the contribution of multiparticle intermedi-
ate states M on the right-hand side and denote schematically
the (rescaled) amplitude 2 — M by A4; .
Now, let us introduce Hermitean matrices
i, .
Py = *5(6’1*&;)7

1

Q1=§(~l+ﬁ;)~
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It can be written through introduced matrices and the
rescaled partial amplitude as

a = Q;+1iP;.

Then, the unitarity relation reads

Pi=P}+ Q2+ 44] —i[P,Q]. (21)
We now choose the orthonormal basis in two-particle state
space in such a way that the Hermitean matrix P; is diagonal:

Pl,oc[i :pl,aéaﬁ .

In other words, this basis consists of those linear combina-
tions of states with two particles of definite types which are
eigenvectors of P;. Then, the diagonal aa-component of
Eqn (21) is (no summation over a)

(0P),, + (414]),,

2

Plo = pl,m +
Diagonal elements of matrices le = Q,QlT and A,A[T are
nonnegative,* so that

2
Dy —Pia <0,

and therefore

0<Pl,a<1~

To cast this relation into a somewhat more familiar form, we
come back to the unitarity relation (20), sandwich it between
an arbitrary vector |i) of the unit norm, and write, still using
the basis of eigenvectors of P,

Wlaa/|w) = me WldiAj ) .

This gives
Wlaa) ) <1
for all |/), and we arrive at the result that

no eigenvalues of d,d; are greater than 1. (22)

Until now, we have been working in full generalities. To
the best of our knowledge, previous analyses not only were
restricted to the unit sound speed, but also studied somewhat
less general situations (see, e.g, Refs [48—51]). Namely, (i)
the matrix a;,s was assumed to be symmetric due to 7-
invariance, aj.s = dp,. Then Q; and P; are its real and
imaginary parts, respectively. (ii) It was further assumed
that P, and Q; are simultaneously diagonalizable. This
property holds, in particular, when there is just one type of
particle and also when the contribution of multiparticle states
is negligible in (20): in the latter case, the imaginary part of
Eqn (21) gives [P, Q] = 0. In this situation, Eqn (22) says that
any eigenvalue a,, of matrix @ obeys |d,,| < 1. In fact, in this
case, one obtains a slightly stronger bound [52]. In the basis of
eigenvectors of a (i.e., common eigenvectors of Q and P), one
writes the diagonal part of the unitarity relation (19) for each

4 Because, e.g., 0 < (y @[ 4,41y @) = (4,4]),, for 1///(;0 = up.

o (no summation over o):

Ima ., = a, ocad;jw + E Al,aMA;M“ .
M

Again, the contribution of multi-particle intermediate states
is nonnegative, so we arrive at the inequality

Im d/,wx = |d1,xoc|2

This gives

i 1\ N 1
(Ima,ﬁw *§> —+ (Rea/‘m)Z < Z

and, therefore,

1
|Redl4m| < < (23)

[\S]

for any eigenvalue of a.

The last special situation is particularly relevant when it
comes to perturbative unitarity and estimating the strong
coupling scale [49-52] in corresponding EFT, where the
strong coupling problem indeed potentially arises. In that
case, the multiparticle intermediate states (almost) always
make contributions to (20) which are indeed suppressed by
extra powers of the couplings, while the matrix & is real at
the tree level. Perturbative unitarity then requires that
inequality (23) hold for the tree level amplitudes. Note,
however, that bounds (22) and (23) are qualitatively the
same, even in this situation.

2.4 Example: theory of two real scalar fields
In this section, we show explicitly that the unitarity relation
(16) holds at the lowest nontrivial order in a model of two real
scalar fields. Note that this model does not have a strong
coupling energy scale and is not particularly relevant for
cosmological perturbations.’

For our simple model, the Lagrangian reads

= 20—t (V) +5 (62— u(V))

¢1+ ¢2+ > b, (24)

where u; and u; are the two sound speeds. The scalar potential
in Eqn (24) is a general fourth-order homogeneous poly-
nomial symmetric under the transformation ¢; , — —¢; ,.In
this theory, the PWA matrix a,s is symmetric due to 7-
invariance, so the unitarity relation is

Imayup =) gar4a]

7

or, in matrix form,

_ T

- aga; ,
7

where elements of the diagonal matrix g are still given by
Eqn (17).

Ima;

(25)

5 However, in [40], where the authors consider the model of Horndeski
bounce, formula (16) and corresponding unitarity bounds are used to
evaluate the quantum energy scale of strong coupling.
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1 2 3 4 0
¢ ¢, & ¢, b ¢y, O ¢, Im g
R A T L A T T A T J 2
o — o o — o o — ",’ o — '}7
5 6 7

Figure 1. One-loop s-channel diagrams in the theory with Lagrangian (24).

The beginning of the calculation follows textbooks. There
are three two-particle states o = (¢, d;), f = (¢, ¢,), and
7 = (¢, ¢,) in this theory. The tree-level matrix elements
make the matrix

Mzm Ma([)’ Maz',f /11 0 }u3
Myee = | Mps Mpg My, | = 0 430 .
My, My My 3 0 Ay

Since these matrix elements do not depend on scattering angle
y, the only nonzero PWA, as given by Eqn (12), is ay, i.e.,
scattering occurs in the s wave.

The matrix of these PWAs is given by

1 1
ao, trec = ﬁj 1 d(cos 8) Py(cos 0) Mee

eree ] ;L.l 0 i3
= =—1[0 4 0 ].
167w 16w )ﬂ 0 12

(26)

Asusual, in QFT, the right-hand side of (25) is of order 4;4;, so
Im g; obtains its lowest-order contribution in one loop. This
contribution comes from s-channel diagrams shown in Fig. 1,
while #- and u-channel diagrams make no contribution to the
imaginary part in one loop.

We begin with the first diagram in Fig. 1. It gives the one-
loop contribution to matrix element

22 d E 2
L q .
1M1(_1>Oop - 73J (zn)4 { {(5 _ q0> —ulq? + 16]

2 -1
|Gror) e}

where E is still the total energy in the center-of-mass frame.
Upon rescaling u,q — q, a textbook calculation gives

1) 3
Im Ml_loop = 321£u23 .

Likewise, diagrams 2—6 in Fig. 1 give

2 )
@ A @) Jads
1 Mioop = 33+ 1™ Mictoor = 35,5
’\2
@ _ M 5 _ %
I Ml-loop_32 3 Im l-loop_32nu37
5
2
(6) _ 43
Im Ml—loop 321‘cu3

Re ¢

Figure 2. Integration contour relevant to Eqn (27).

We now turn to diagram 7 in Fig. 1. Unlike the others, it has
two different particles in the loop. We write

d* E :
. 7 q .
lMﬁap_@J@m4{K§_qg _“h2+%

E 2 -1
x KEJrqO) —uzzqz—i—ic” .

There are four poles of the integrand at

(27)

E .
g1, = +ulq| Fic,

E .
q£4:f§:|:u2|q|$1e.

Without loss of generality, we assume
up = Uy .
Then, it is convenient to close the integration contour as

shown in Fig. 2; the poles inside it are at ¢ and ¢?. We
integrate over ¢° and get

i]‘41(-71>oop = /1% J (;1:;)]4 (_27“)
x{ !
2quy (E+ q(uy — ) (E + q(uy + u2))
N 1
(=2qu2) (—E + q(ur + uz) — i€) (E + q(u1 — u2))

The first term in the integrand does not contribute to
Im M 1(—71)00p' The imaginary part due to the second term is
calculated using the Sokhotski—Plemelj formula,

) = Find(x) + P(%) ,

. < 1
lim -
e—0t \x E 1€
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where P stands for the principal value. We find

Im M

J d'g 1
- 100p ° (2n)* 2quz (E + q(ur — u2))

X Tté(—E—i— q(uy + Mz)) ,
and, finally,
A

(7)
Im M _—
8muyun () + uz)

1- loop

To sum up, we collect all results in one matrix:

Im dop, 1-loop = m Im Ml-loop
2 72 M3 o/
32T|:lu‘ + 321131173 0 3217“‘} 3221111323
1 /12
= m 0 8nu1142(31¢1+u3) 0 (28)
A Joh
zzlr:u}; + 327[123 0 zzmﬂ T S2m? 32nu
Now, Eqn (17) gives for matrix g in (25)
1 2 1
dia - ). 29
§=dle <2ul T uun (uy + up) 2u23> (29)

Making use of Eqns (26), (28), and (29), we find that

Im ao, 1-loop = A0, tree & 40, tree »

i.e., the unitarity relation (25) is indeed valid to the lowest
nontrivial order in the couplings.

Finally, we would like to note that, for example, for
relatively large negative A3, relation (22) does not hold.
However, this is not a sign of the strong coupling regime.
The reason for the violation of (22) is that the potential in
Lagrangian (24) for relatively large negative 43 is unbounded
from below, and the theory becomes physically unacceptable.

3. Conclusions

In this paper, we found PWA unitarity relations (16) in a
theory containing massless scalar fields with different sound
speeds. We illustrated these relations in a model with
Lagrangian (24) to the lowest nontrivial order in the
couplings. When written in terms of rescaled amplitudes
(18), the unitarity relations have a particularly simple form
(19), which is formally the same as in a theory with unit sound
speeds.

Using the unitarity relations, we derived the unitarity
bounds, which in the most general case have the form (22),
and, in the (still quite general) case considered in the
literature, reduce to the familiar form (23) (but written in
terms of rescaled amplitudes). The latter form is particularly
useful for evaluating the quantum strong coupling scale in
pertinent EFT. It is worth stressing here that we consider the
model with Lagrangian (24) in Section 2.4 only as a clear
example of how to calculate unitarity relation (16) for a
concrete theory at the lowest nontrivial order. For sure,
there is no strong coupling energy scale in the theory (24).
However, in [40], we consider another model, Horndeski
bounce, which has strong gravity in the past, i.e., effective
Planck mass runs to zero. There are two different types of
perturbations with, generally speaking, different sound

speeds in this model. There, we use formula (23) in order to
evaluate the quantum energy scale of strong coupling.

We anticipate, however, that the results of this paper may
have applications in other theories where different perturba-
tions about nontrivial backgrounds propagate with different
sound speeds. For example, in condensed matter studies,
different sound speeds effectively emerge in different setups
corresponding to anisotropic media [53-55]. In such media,
once unitarity is ensured, a corresponding model may become
a useful and interesting tool to analyze condensed matter
systems with anisotropic properties (see, e.g., Refs [56, 57]).

Finally, one can turn to unitarity in theories with violated
Lorentz invariance. For example, in Ref. [58], the authors
develop a systematic approach to the calculation of scattering
cross sections in theories with violation of the Lorentz
invariance and apply it to compute the probabilities of
several astrophysically relevant processes. In this case, it is
interesting to understand if unitarity even holds in these kinds
of models (see, e.g, Ref. [59], where the author checks the
optical theorem for the concrete physical process). If so, one
can also calculate the corresponding unitarity relation and
unitarity bounds which can be useful for analyzing the cutoff
energy scale of the concrete physical theory.
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4. Appendix. Time-reversal invariance
and symmetry of $ matrix

In this Appendix, we show that 7T-invariance of the S matrix
implies the symmetry of the partial-wave amplitudes,

0 _ 70
Ty = T/;/;’~

o (A.1)

T-invariance of the S matrix is invariance under the
exchange of initial and final states and sign reversal of all
spatial momenta:

<p,7BI|S|p7ﬁ> = <_p7ﬁ|S| _plaﬁl>'

We make use of this property to write (we work in the center-
of-mass frame)

(Lm; B'| S |1,m; B)

= L@y vy ) i)' B Ip. )
= L@ v @) @) S| 0B

1 o ! I
= L@ ) v ) T DA S ).

Now, the spherical functions obey

Y/'(=p) = (=1)'Y7"(h), (A.2a)
Y = (=D"Y,"(p), (A.2b)
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so that 45.  Martin A D, Spearman T D Elementary Particle Theory (Amster-
dam: North-Holland Publ. Co., 1970)
Ylm*(_f)) — (_1)/+’" Yf’”(f)) . 46. Oller J A, Entem D R Ann. Physics 411 167965 (2019)
47.  Jackson J D Classical Electrodynamics (New York: Wiley, 1999)
L 48.  De Curtis S, Dominici D, Pelaez J R Phys. Rev. D 67 076010 (2003)
This gives 49. Lee BW, Quigg C, Thacker H B Phys. Rev. Lett. 38 883 (1977)
, 50. Lee BW, Quigg C, Thacker H B Phys. Rev. D 16 1519 (1977)
(Im; B|S|lm; B) 51.  Chanowitz M S, Gaillard M K Nucl. Phys. B 261 379 (1985)
1 52.  Grojean Ch Phys. Usp. 50 1 (2007); Usp. Fiz. Nauk 177 3 (2007)
— ” d’p’d’p Y)Y (b)(p, BISID', B 53.  Ambegaokar V, deGennes P G, Rainer D Phys. Rev. A9 2676 (1974)
4n 54. Ticknor C, Wilson R M, Bohn J L Phys. Rev. Lett. 106 065301
= (I, —m; BISIL, —m; ). (01D
55.  Blaschke D N J. Phys. Condens. Matter 33 503005 (2021)
56. Belich H (Jr.) et al. Phys. Rev. D 67 125011 (2003)
Since these matrix elements are actually independent of m,  57.  Avila R et al. Phys. Rev. D 101 055011 (2020)
this proves relation (A.1). 58.  Rubtsov G, Satunin P, Sibiryakov S Phys. Rev. D 86 085012 (2012)
59. Satunin P Phys. Rev. D 97 125016 (2018)
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