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We study a simple extension of quasi-single field inflation in which the inflaton
interacts with multiple extra massive scalars known as isocurvatons. Due to the
breaking of time translational invariance by the inflaton background, the theory
includes kinetic mixings among the inflaton and isocurvatons. These mixings give
rise to novel new features in the primordial non-Gaussianities of the scalar curvature
perturbation. A noteworthy feature is the amplitude of the squeezed bispectrum
can grow nearly as (ks/k;)~3 while oscillating as cosylog(ks/k;), where kg /k; is the
ratio of the lengths of the short and long wavevectors. Observation of such a shape
would provide evidence for the existence of multiple isocurvatons during inflation. In
addition, we consider the effects of these non-Gaussianities on large-scale structure.

I. INTRODUCTION

The inflationary paradigm [I] posits a period of time shortly after the big bang during
which the universe’s energy density was dominated by vacuum energy and the size of the
universe grew exponentially. Such an era would explain the near isotropy of the CMB and
the near flatness of the universe. At the same time, inflation provides a quantum mechanical
origin for the energy density perturbations which have an almost scale-invariant Harrison-
Zel’dovich power spectrum [2] (see [3] for a review).

The simplest inflationary theories are known as single-field inflation models and involve a
single scalar field called the “inflaton.” In slow-roll models, the inflaton vacuum expectation
value ¢y is initially displaced from the minima of the inflaton potential V;(¢). The potential
is chosen such that there is a period of time (the inflationary era) during which ¢’s potential
energy dominates over its kinetic energy and drives the exponential expansion of the universe.
After more than 50 — 60 e-folds of expansion, ¢y’s kinetic energy becomes large and inflation
ends. ‘

Since ¢y # 0, time-translational invariance is spontaneously broken. This gives rise
to a Goldstone boson 7 that sources scalar curvature perturbations [4]. In the simplest
single-field models, the curvature perturbations are approximately Gaussian [5]. To produce
large primordial non-Gaussianities (PNG), one can add extra fields to the inflationary field
content and include interactions between 7 and the new fieldd!] This leads to interesting

! Large non-Gaussianities can also be achieved in more complicated single field models, see for example
[6, [7].



new shapes and features of primordial non-Gaussianity that could be observed in the CMB
and large-scale structure (LSS) and used to constrain the inflationary theory.

Quasi-single field inflation (QSFI) is a well-studied extension of single-field inflation mod-
els [§] that could potentially give rise to significant PNG. In QSFI, one adds a single extra
scalar field o of mass m, known as the isocurvaton, and includes a kinetic mixing between o
and 7 of the formﬂ pro and a potential for the isocurvaton V(o). In QSFI the isocurvaton
never fulfills the roll of the inflaton, rather, its purpose is to generate PNG through its
interactions with 7.

The connected three- (bispectrum) and four- (trispectrum) point functions of 7 in QSFI
have been studied extensively [8-I8]. The squeezed limit of the bispectrum, which occurs
when the lengths of two of the three wavevectors are roughly equal and much larger than the
length of the third wavevector, has been shown to exhibit particularly interesting behavior.
Let k; denote the length of the larger wavevectors and kg the length of the shorter one. It
has been shown that if m and p are both much smaller than the Hubble constant during
inflation H, then the magnitude of the squeezed bispectrum in QSFI grows approximately
as (ks/k;)~2. In the opposite limit, m, u > H, the magnitude of the squeezed bispectrum
was found to oscillate logarithmically in k,/k; but grow only as (k,/k;)~%/% [8, [17].

Since single-isocurvaton QSFI gives rise to distinct PNG, it is worthwhile to study theories
that include multiple isocurvatons oy (we will call these theories multi-isocurvaton QSFI).
It turns out that interactions such as p(d109 — d201) and py7oy give rise to novel features in
the PNG. Specifically, for certain choices of p and pu,, the squeezed bispectrum undergoes
logarithmic oscillations in k,/k; and grows approximately as (ks/k;) 3. This is very different
from the behavior of the squeezed bispectrum in single-isocurvaton QSFI, which can only
exhibit oscillations or nearly cubic power law growth in different limits of p and m.

Several previously studied inflationary models predict log-oscillating or oscillating shapes
for the bispectrum [7], 9 19H3T]. Using shape templates, the Planck collaboration has begun
constraining these oscillating /log-oscillating bispectra [32]. The authors of [30] showed that a
tachyonic instability generated by a waterfall transition can result in a bispectrum exhibiting
log-oscillations as well as nearly cubic power law growth in the squeezed limit. The instability
would also induce a peak in the primordial power spectrum at or near the scale of the
waterfall transitionE]. In this paper, we show that multi-isocurvaton QSFI can also generate
log-oscillations as well as nearly cubic power law growth in the squeezed bispectrum. We also
provide a bispectrum shape template for multi-isocurvaton QSFI that could be searched for
experimentally. Since there is no preferred scale in multi-isocurvaton QSFI, e.g. the waterfall
transition in [30], there is no peak in the power spectrum.

Previous work has demonstrated that non-Gaussianities that grow like (ky/k;)™® in the
squeezed limit can have significant effects on large-scale structure [33H36]. For example, in
single-isocurvaton QSFI models with m, u < H, non-Gaussian contributions to the dark
matter halo-halo power spectrum P, (ks) become much larger than the Gaussian contribu-
tion as ks — 0. The halo-halo power spectrum P,;,(q) will also be sensitive to the extra fields
and interactions present in multi-isocurvaton QSFI. We will show that for certain choices
of the parameters p and pq, the bispectrum and trispectrum contributions to Py (ks) will
dominate over the Gaussian contribution while oscillating logarithmically as ks — 0.

The purpose of this work is to determine the shapes of the bispectrum and trispectrum
in multi-isocurvaton QSFI and explore their effects on LSS. In section [[I] we write down a

2 Kinetic mixing terms such as 7o can appear in the Lagrangian because the inflaton vev spontaneously

breaks Lorentz invariance
3 See Fig. 7 in [30].



general quadratic Lagrangian for multi-isocurvaton QSFI and determine the mode functions
of the m and o7y fields. In section [[IIj we compute the primordial bispectrum and trispectrum
due to a cubic interaction of the form ¢}, and provide a template for the bispectrum shape.
Finally, in section [[V] we calculate the contribution of the PNG to the halo-halo power
spectrum Py, (k) and halo-matter power spectrum Py, (k).

II. THE MODEL AND MODE FUNCTIONS

We consider multi-isocurvaton QSFI, which include an inflaton field and N extra scalar
fields known as “isocurvatons.” The inflaton develops a time-dependent vacuum expectation
value ¢y that sources a background de-Sitter metric

1

ds® =
" T (Hr)y

(dr* — (da")?) (2.1)

where H is the Hubble parameter during inflation and 7 is proper time. We assume that
¢o exhibits a slow-roll trajectory, which means ¢g ~ 0 and H is approximately constant
throughout the inflationary era (see [3] for a review of slow-roll inflation). The quantum
fluctuations of the inflaton and isocurvaton fields perturb the metric about and source
scalar and tensor curvature fluctuations, ((7,Z) and v;;(7, 7).

To describe the field fluctuations, we use the effective field theory of inflation formalism
[4]. Following [4], we choose uniform inflaton gauge in which the inflaton fluctuations are set
to zero. We then observe that the time-dependent inflaton vev spontaneously breaks time
diffeomorphism invariance, giving rise to a Goldstone boson 7 that transforms as m(x) —
7(z) —&(x) under time-diffeomorphisms ¢t — t+¢(x). The degrees of freedom in the effective
theory are 7, the metric fluctuations, and the fluctuations of the NV isocurvaton fields o7;.
To construct the effective theory, one writes all possible terms invariant under the full set of
space-time diffeomorphisms involving these fields (see [14] for a complete derivation in the
context of single-isocurvaton QSFI).

We will be interested in computing the momentum space correlation functions of 7 at the
time when the modes exit the horizon. This implies we can work in the “decoupling limit”
of the effective theory [4] and set the metric perturbations to zero. Correlation functions of
¢ in the gauge where 7 is zero can be related to correlation functions of 7 in the decoupling
limit by [4]

(= —(H/d)m. (2:2)

The leading quadratic Lagrangian simplifies to any term quadratic in 7 and o; that is
consistent with a shift symmetry in 7 and a background de-Sitter space-time:

1 ~ ~ -
£2 = —2<HT)2 ((87—7T>2 — 6721_ (81'71')2 + ZU8T018TJJ — é?yljaio'laiO'J + 2ﬁ187_ﬂ-87_0-[ + 5182‘7781'0'1
— (Hr)?mi o005 —2(Hr) ™" prso10,05 — 2 (H7)™ jiror0:7) .

(2.3)

Note, repeated indices are summed over and we have included the /—g factor from the
action in the Lagrangian. We have dropped terms quadratic in the fields that have more



than two derivatives because they are suppressed by powers of the cutoff A of the effective
theory. B
Several terms in 1) can be eliminated by field redefinitions. For example, the 6;0;70;0;
interaction can be absorbed into other couplings by performing the time diffeomorphism that
induces the shift 7 — 7w+ 0707 /(2¢2). Moreover, we can rotate and re-scale o7 to diagonalize
¢2,; and set Zr; = 1. Equation (2.3) then simplifies to
1

Ly = 2(Hr)>2 ( (0,7)% — 2 (0ym)* + (0r01)* — 2, (8i01)* + 2810, 0,01

- (HT)_2 mi o0 — 2 (HT)_l pryorOyo; —2(Hr)™" M]U[@TW). (2.4)

The matrix m?; is symmetric while pr; is anti—symmetricﬂ The interactions p;mo; and
prsoroy could result from a UV theory containing terms such as (o;/A)g"”0,¢0,¢ and
(o1/N)g"0,,0;0,¢. The kinetic mixings in arise because the inflaton vev spontaneously
breaks Lorentz invariance. If ¢y = 0, Lorentz invariance is unbroken and the kinetic mixings
must vanish. By dimensional analysis, this means p; and p;; are proportional to ¢q/A.
Using (H?/¢g)? ~ 212 A%, where

kS
AZ = 2—2P<(/<;) ~ 211 x107° (2.5)
7r
is the dimensionless power spectrum [37], the cutoff can be expressed in terms of |u;| as
A H
— ~ — x 10% (2.6)
H o pl

For pu; ~ O(H), this implies that A > H and higher derivative terms are suppressed.

We can recover previously studied single-isocurvaton QSFI models by taking limits of
. If we take N =1, f; = 0 and ¢2 = ¢, = 1, we recover the quadratic part of the
QSFI Lagrangian originally considered by Chen and Wang [8]. The resulting Lagrangian
only has two parameters, p; and my;. Single-isocurvaton QSFI with generic speeds of sound
and nonzero (31 was studied in [I4]. The presence of a nontrivial p;; matrix is the main new
aspect of theories with N > 1 isocurvatons.

One way to treat the kinetic mixings parameterized by u;, S; and p;; is to write the
Fourier transforms of the 7 and oy fields in terms of a common set of raising and lowering
operators

N+1

A Pk H ~(2) (i —ik-x

#rx) = [ s 3 (a7 e 4 o)

) Bk H SR o

or(7,x) :/WW E (al(()ap(n)e k +c.c> (2.7)

=1

where 7 = k7. The mode functions 77 (n) and ¢®(n) obey the Euler-Lagrange equations
obtained from ([2.4]),

2
o, ——0; +c 00 +—=70, +—7n" + (7 — -7 +— (20, — -0 =0
I n’ 1971 2 7 1 0 1 J n'?

4 Any symmetric part of pr; can be absorbed into m%] through an integration by parts.
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R O Er® — % (05)/ - Eag)) + B1 <U§)” - 50§)/> =
(2.8)

where primes denote derivatives with respect to 7. The mode functions asymptotically obey
the Bunch-Davies vacuum condition. Since equations are coupled, they are difficult
to solve analytically for general parameterﬂ. Instead, we use the numerical solutions of
to perform most of the calculations in our analysis. However, one can derive the
small n behavior of the mode functions analytically, which turns out to fix the wavevector
dependence of the squeezed and collapsed limits of the bispectrum and trispectrum.

In the limitﬂ —n << 1, we can neglect the terms in proportional to the speeds of
sound. The leading late time behavior for the mode functions can be written as

() = aP(—n)* oy’ (n) = byL(—n)*. (2.9)

For example, specializing to N = 2 and inserting (2.9) into (2.8]) yields the following equation
for s,

(s —3)s (s =3)(sB1 — 1) (s —3)(sB2 — p2)
s((s =3)B1+pm) mi+(s—=3)s mih+(3—-2s)p|=0, (2.10)
s((s = 3)Ba+p2) miy+ (25 —=3)p  miy+ (s —3)s

which can be solved for six different roots:
s=0,s_,8",3—s5_,3—5",3. (2.11)

In general, s_ is a complex number satisfyingﬂ 0 < Re[s_] < 3/2. The s = 0 solution arises
from the shift symmetry in 7 and can only exist in the 7 mode functions. The leading n
behavior of the mode functions is

nO(n) = a) +af) (=) +ald (=) + .
o () = b (=n)* b (=) (2.12)

Equations 1) imply that as n — 0, 7 approaches a constant while a?) decays to 0.
The late time behavior of o; in multi-isocurvaton QSFI can be very different from its

late time behavior in single-isocurvaton QSFI [8]. If we write s_ = « + 47y, equation (2.12)
becomes
ng‘)(n) _ bg?g, (_n)aei'ylog(*ﬂ) + b(li,li (_mae—i'ylog(*n)‘ (2.13)

Observe that the modes oscillate logarithmically in 1 with frequency . Moreover, a dictates
how quickly the modes decay at late times. In the original Chen and Wang theory [8] v
can only be nonzero when o = 3/2 (see e.g. [I7]). This means that while the isocurvaton’s
mode functions exhibit oscillatory behavior at late times, they decay quickly as n — 0. On

5 Analytic progress can be made in the context of single-isocurvaton QSFI in the regimes where 111, m1; < H
18], or w1, myy > H [10] 17, 38 B9].

6 We have chosen the convention in which inflation occurs between —oo < 7 < 0

7 For general model parameters Re[s_] can be less than 0, however the modes would then be tachyonic and

grow rather than decay as n — 0.



the other hand, in a multi-isocurvaton QSFI theory with pr; # 0, one can obtain v # 0 with
a < 3/2, which means that ay) can oscillate while decaying slowly.
To illustrate this, we specialize to the case of two isocurvatons and focus on two sets of

parameters which will serve as our benchmark models. The first set is
f1 = mig = Moy = B =0, Cr = Coy = Cqy = 1,
po = 0.6H, mi, =mi, = —pi, = —(5H) (2.14)
which yields s_ ~ 0.06 — 5.00z, while the second is

M1:m12:m21:51207 Cr = Coy = Cgy =1,
M2 = 04H, mi1 = Moo — 03H, P12 = H (215)

which yields s_ ~ 0.46 — 1.00i. Notice, the masses squared in (2.15)) are negative, which is
usually a signal of tachyonic modes whose mode functions diverge as n — 0. However, due
to the kinetic mixing, the mass squared parameters that appear in the Lagrangian do not
equal the physical masses squared. Indeed, o > 0 for this set of parameters, which implies
or —0asn—0.

For o < 3/2 and v # 0, « and ~y are typically the same order of magnitude. Some tuning
is required in order to produce o < 1 with v ~ O(1). This means, rapid oscillations that
decay slowly cannot be produced without some degree of tuning between model parametersﬂ

III. PRIMORDIAL NON-GAUSSIANITY

In the previous section, we showed that theories with multiple-isocurvaton have a kinetic
mixing term parameterized by the matrix p;; that cannot exist in single-isocurvaton models.
If this term is present, the mode functions of m and o; can exhibit oscillatory behavior
that decays slowly at late times. We now study the effects of this behavior on the non-
Gaussianities of the scalar curvature perturbations of the metric, (.

We are interested in computing the “in-in” correlation functions of ¢ at 7 = 0, which are
related to those of 7 through . The in-in correlator of an operator O can be expressed
in the so-called “commutator form” (see for example [40]) as

) =3 [ dry [dng [ dnl{tnn). (5. (Hua(r), 00

(3.1)
where the fields on the right hand side of evolve according to and . In
general, the interaction Hamiltonian consists of an isocurvaton potential V(o) as well as
interactions involving combinations of 7 and o;. For simplicity, we assume the potential
consists of a cubic interaction involving only the o4 field and that the interaction Hamiltonian
is dominated by this interaction’}

1 5 V/// 3
Hy(r)=—— | &’z—o01(x)°+.... 3.2
) = gy [ @) (32
In the next two subsections, we compute the bispectrum and trispectrum of ¢ due to this
interaction.

® For example, in eq. (2.15)), we tuned m3; = —p®.
9 The potential V(o) is not related to the other operators in the effective theory by any symmetry and

can, in principle, be the largest term in the interaction Hamiltonian.



FIG. 1. A diagramatic representation of the leading contribution to the bispectrum. Dashed lines
represent 7, while solid lines represent o .

A. Bispectrum

We first consider the three-point function of (. Let (i denote the Fourier transform of
((x,0). The bispectrum By is defined as

(G GaCics) = Be (ki ko, k) (27)°6° (ks + ko + k). (3.3)
Using equations (2.2), (2.7), (3.1) and (3.2)), it is straightforward to show that to leading

order in V"
H2 ) 3 e 1
¢o ) H kik3k3

« / e, (79 )" (k)70 ) (ko) e @ ()0 (k7)) (3.4)

4
0o T

Bc(kl,kQ,kg) - —2 (

where repeated mode labels are summed. Note, the sum 7 (O)U%i)*(lﬂﬂ') is nonzero because
of the kinetic mixings.

The 7 integral in is potentially IR divergent due to the factor of 1/7% in the integrand.
Even though we do not have explicit expressions for the mode functions, it can be shown
using the canonical commutation relations (see Appendix that the integral is indeed finite
in the IR. One can then evaluate the bispectrum using the numerical solutions of .

Consider the squeezed limit of , which occurs when k; = k1 ~ ke and k, = k3 < ki,
i.e. there are two long sides and one short side of the triangle traced out by the k;. We
can factor out the momentum dependence from the time integral by changing integration
variables to 7 = k;7 and expanding to leading order in k/k; using . We find

H2 3 V/// 1 k —3+a
B =g (=)= (=
k=) (7) w (5)

((cos (v10g ks /1) Re [al ) 5" (a,)]
sin (v1og ko k) T [afb{) 5" (a,7) ) (3.5)

where
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FIG. 2. Plots of the shape functions S(ki, k2, k3) in the range k1 > ko > ks for multi-isocurvaton
oscillatory shape (red) and local shape (transparent gray). In the left and right panels we plot
parameters (2.14) and (2.15)) respectively.

The squeezed bispectrum oscillates logarithmically in kg/k; with angular frequency ~ and
the amplitude grows as (ks/k;)~T®. As mentioned earlier, in single-isocurvaton QSFI, ~
can only be nonzero when a = 3/2, which means the amplitude of an oscillating squeezed
bispectrum can only grow as (ks/k;)~? in these models. This is not the case for the
multi-isocurvaton models given by (2.14)) or (2.15]), whose oscillating bispectrum grow ap-
proximately as (k,/k;) 2% and (k,/k;)~%5* respectively.

To illustrate the momentum dependence of the full bispectrum, it is useful to define the
shape function

S(k’l, k'Q, k‘g) = K(k1k2k3)2Bc(l€1, kg, kg) (37)

The normalization factor x is chosen so that S(k,k, k) = 1.

In Fig. Z, we plot the shape function of multi-isocurvaton QSFI for the model param-
eters (2.14) and (2.15). For comparison, we also include the shape function of local non-
Gaussianity

1 1 1
+ +
(k1ka)3  (kaoks)?  (Kkskq)?

1
Slo¢(ky, kg, kig) = g(klkgkg)Q (3.8)

which is close to the shape function of the single-isocurvaton QSFI originally considered by
Chen and Wang in the limit py, my; < H [8 [18].

Fig. [2| is consistent with the analytic results for the squeezed bispectrum of multi-
isocurvaton QSFI. In the limit k3/k; — 0, the shape function oscillates logarithmically
in k3/k; and its amplitude has power law growth. On the other hand, in single-isocurvaton
QSFI, the shape function for an oscillating bispectrum decays to 0 as k3/k; — 0. Note,
to get very rapid oscillations and nearly local power law growth for the multi-isocurvaton
shape, one needs to tune parameters as in . However, even the shape for the untuned
parameters displays a visible turn due to nonzero .

For single-isocurvaton QSFI with v = 0, the shape function has been approximated as
[8]:

(K + k3 + k3) (ki + ko + ks)' ™
(kykoks)' ™

SFL () Ky, kg) = 3372 (3.9)
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FIG. 3. We plot shape functions S(k1, k2, k3) of the multi-isocurvaton oscillatory shape in the range
k1 > ko > k3. We plot the shape computed numerically in red and plot the approximate shape
defined in eq. in blue. The top-left plot has parameters («, v, ¢) = (0.06, —5.00, —1.55), top-
right (0.23, —2.50, —1.58), bottom-left (0.46, —1.00, 3.08), and bottom-right (0.14, —0.50, —2.78).

A good phenomenological fit to the multi-isocurvaton QSFI shape is

kok
8333)];‘1(]/”‘17 k?? k?)) =C (COS (/y IOg <k1 (kl _}_2]{:?; + k3)) + ¢> +2 perms‘> SOC?SFI(I{:D k27 k3)
(3.10)

where the normalization C' = (3cos (ylog (1/3) 4+ ¢)) " enforces SOBFT = 1 in the equi-
lateral limit. Note that the shape function is parameterized by three numbers «, v, and a
phase ¢. In Fig. we plot the shape functions evaluated numerically against the shape
functions computed with .

We can also define the parameter fl%?SFI, corresponding to the magnitude of this shape.
In keeping with Conventiodﬂ we define:

18 1
Be(ky, ko, ks) = E(k?’PC(k))Q OQSFl TSI SO ey, ko, ks). (3.11)
123

By matching the squeezed limit of (3.11]) onto (3.5)), we can obtain V""/H as a function of
OQSFI,

NL
V_/” — _3(|a(i)|2)3/2 92 A2 OQSFI C |
H 10" ¢/NL — — — :
Im [CLO bl,s_y*(a77)i| + §Re |:(l0 blys_y*(a’f}/)]

(3.12)

10 Conventionally, fxi, is defined via Bg(k1, ko, k3) = 6A2fNLmS(k1, ko, k3) where A is given by the
1723
power spectrum’s normalization Pp(k) = A/k3 (see, e.g. [41]).
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FIG. 4. A diagramatic representation of the collapsed trispectrum. Dashed lines represent m, while
solid lines represent o7.

Even for v ~ O(0.1), the oscillating QSFI bispectrum shape still displays qualitatively
distinct features. Specifically, the shape can get large and negative in the squeezed limit.
This is different from many other bispectrum shapes that grow in the squeezed limit because
they typically remain positive rather than become negative (see [32]).

B. Collapsed Trispectrum

We now consider the four-point function of ¢, which is defined as

(Cier CieaCis Cea) = T (K1, ko, kg, kg ) (27)%0° (kg + ko + ks + ky). (3.13)
We focus on the collapsed limit, which occurs when kjy = ki ~ ko, kg = ks ~ ky, and

ks = |ki + ko| = |ks + k4| < ky;. The integrand will be symmetric in k;; and ko, which
means we can untangle the limits of the time integrals. The collapsed four-point then

simplifies to
Tl L k) =4 — =T ;
¢ ( 1, M2, ) (¢0) (H) k9/2k.9/2 <kllkl2)

1 12
k 7 7
cos (10 2 ) (12 + 0. ) o)

k2 7 7)%*
+2 cos (’y log Klsﬂz) Re [bg;_ bg;iy(oé, 7)2]

2

k .
—2sin (fy log p ]“; ) Im [bgg_bgisiy(a,fyf] } (3.14)

112

Note, not every term oscillates logarithmically in kg/k;. Instead, there are two terms which
oscillate with angular frequency 2v as well as one that does not oscillate at all in k/k;.

It turns out that a loop contribution to the trispectrum can produce terms that oscillate
with frequency 4. We explore this in Appendix

IV. LARGE-SCALE STRUCTURE

In this section, we determine the effects of PNG on large-scale structure, specifically the
halo-halo power spectrum Py, and the matter-halo power spectrum Py,,. It is well known
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that in certain inflationary theories, such as single-isocurvaton QSFI, the contributions of
PNG to Py, and Py, can become much larger than the Gaussian contributions at wavevec-
tors of order (10?2 Mpc/h)~! [18, 42} [43]. We now consider this in multi-isocurvaton QSFI.

The primordial curvature perturbations are related to the linearly evolved smoothed
matter density perturbations today, dr(k), by [44]

2k?

o) =50, 1

T (k)Wr(k)Qk (4.1)

where 2, is the ratio of the matter density and the critical density today, Hy is the Hubble
constant today, T'(k) is the BBKS transfer function [45] and Wgr(k) is a window function
smoothing over radius R. We use the top-hat window function

3 (sinkR — kRcoskR)

WR(k) = (kJR)3

(4.2)

Since we are interested in scales of order 10> Mpc/h, d; can be related to dx through a
bias expansion. For simplicity, we use a local-in-matter-density bias expansion (for a more
comprehensive treatment, see [46])

(5h<X) = b15R<X> + b2 (5R(X)2 — <5R(X)2>) —+ ... (43)

The bias coefficients can be approximated using the threshold model introduced in [47]. We
assume that halos form instantaneously at some redshift z.,;, and that halos only form at
points where the overdensity exceeds some critical threshold d.(z.n). We also neglect the
evolution of halos after collapse. In this model, the bias coefficients b; and b, are then

6_63/(2012%) 6_52/(20122)6

=2 ron etle(0.) (V2oR)) b= V2rob erfe(d./(v20R))

where 6% = (dr(x)?). In deriving our numerical results, we use d, = 4.215, which corresponds
to Oc(zeon) = 1.686 at zeon = 1.5 [48], and R = 3 Mpc/h. While a more sophisticated
treatment of halo dynamics will change our precise numerical results, we do not expect
them to impact our conclusions qualitatively.

We will be interested in computing the halo-halo power spectrum Py,

by (4.4)

<5h(k1)5h(k2)> = Phh(kl)(QW)3(53(k1 + k2) (45)
as well as the halo-matter power spectrum Fj,,,
<(5h(k1>5R(k2)> = th(kl)(QW)353<k1 + kg) (46)

The Gaussian contributions to Py, and Py, are found to be

H2 2 2 2 .
— 02 () (s | KuRYa()?
=1(5) (smgm) bl

]-12 ’ 2 ’ 41, (1))2
= —_ — R*|agy’|?. 4.
G bl (gbo) <5QmH§R2) ks ’ 0 ’ ( 7)

Phn(ks)

th(ks)
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At wavevectors of order (10> Mpc/h)™! < R™!, the most significant non-Gaussian contri-
butions to Py, are due to the squeezed and collapsed limits of the bispectrum (3.5) and

trispectrum (3.14). Then, plugging (4.1) and (4.3) into (4.5) and using (3.5) and (3.14))

gives
i, ~ ) (3) (i) () e
Pun(ks)|; bi) \ gy ) \5QuHZR?) \ H ) (kR)> |02

((cos oy e [ (0, (a1t |

s (ylog ko) I [ (0 ) (7)o ] )

oY (Y (2 VY
) \d) \5Q.mR2) \H ) (kR ,0p
( (e P ylas ) B, 2

+ cos (2vlog ks R) Re [J(Oz, 7)?y(a, V)ngl)s_b?)sﬂ

—sin(2ylog ) T [T ol 0] ). (a8)
where, to compactify notation, we have defined
1 > :
J(a,y) = ﬁ/ dx 2*~*"T(z/R)*W (x/R)? (4.9)
™ Jo

The most significant non-Gaussian contribution to Py, comes from the squeezed bispectrum:

i~ 6 (3) Gae) () i
Pom(Ks)| b1 ) \ o) \BQUHER? ) \ H ) (k,R)>= |02

(cos (vlogksR) Re [J*(Oé, MY (e, ’Y)a(()i)bgf)si]

+ sin (v log ks R) Im [J*(a, y* (e, fy)a(()i)bgf)sj ) (4.10)

In Figure |5 we plot (4.8)) for the model parameters (2.14) and (2.15)) and | fI%?SFI| = 10.
Note that at around (10° Mpc/h)~!, P, begins to deviate from Pyylg. The oscillations

evident in Fig. p| are a consequence of the oscillatory squeezed bispectrum and collapsed
trispectrum.

However, for | fI?I(?SFI| ~ 10, the amplitude of the oscillations is quite small. Moreover, the
non-Gaussian contributions to Py, only begin to dominate over the Gaussian contribution
at a scale of order (10> Mpc/h)~!, which is unlikely to be detected experimentally in the
near future.

This scale is smaller than the scale at which the non-Gaussian contributions to Py, begin
to dominate in single-isocurvaton QSFI theories with fx ~ 10 and a small [18]. The reason
is the integrals involving the transfer functions, J(«, ), are oscillatory in multi-isocurvaton
QSFT when v # 0, which washes them out. This makes the coefficients of the non-Gaussian
contributions smaller in multi-isocurvaton QSFI than in single-isocurvaton QSFI.
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FIG. 5. We plot the halo-halo power spectrum scaled by the Gaussian halo-halo power spectrum
(i.e. the power spectrum for V" = 0). In the left panel, we plot the parameters from eq. (2.14]) with

gI?SFI = 10, and in the right panel, we plot the parameters from eq. 1) with fgLQ = _10.

V. CONCLUSION

In this paper, we studied quasi-single field inflation with multiple isocurvatons. Multi-
isocurvaton QSFI includes the interaction p;;o;0; which can give rise to novel inflationary
dynamics. In particular, the mode functions of 7 and o; can exhibit late time log oscil-
lations that decay slowly as n — 0. Due to these late time oscillations, the primordial
non-Gaussianities of ( exhibit log-oscillatory behavior in ratios of wavevector magnitudes.

For example, the bispectrum is proportional to (k,/k;) =3+ cos(vy log k,/k;) in the squeezed
limit, which means for small « it experiences nearly cubic growth while oscillating. This
behavior cannot be achieved in single-isocurvaton QSFI. Furthermore, the collapsed trispec-
trum goes as (ks/k;) 732 (a+ bcos(2ylog ks/k)), i.e. there is a term that does not oscillate
in ky/k; as well as one that does with frequency 2.

In models where o < 0.5, the contributions of the squeezed bispectrum and collapsed
trispectrum to the halo-halo power spectrum P, (k) and the halo-matter power spectrum
Py (ks) can dominate over the Gaussian contributions at ks ~ (10° Mpc/h)~'. When « # 0,
Py, and Py, oscillate logarithmically in k,R.
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Appendix A: Commutator Constraints

The 7 integrals of (3.6) are potentially IR divergent because of the factors of 1/n* in
the integrands. It can be shown that all potentially IR divergent terms are zero. Eq. (2.8))
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implies that the ¢ mode functions can be written in series form as

o (n) = 00 (=n)* + 0L (=)™ by (—n)? b ()P b ()P

0, () b () b () (A1)
The equal time commutation relation [, ;] = 0 holds order by order in powers of 1 and

implies the following relations among the power series coefficients

k) Ao = (08 )

PO = (70O, ) (700 ) =0 (A2)
where the sum over mode label 7 is implicit. Furthermore, the mode equations (2.8)) imply
bihes =l b = bk (A3)

Combining the first relation in (A2) with (A3]) yields

PO = (V0. ) (A4)
The leading infrared behavior of (3.6]) is then

ylay) =2 Tm |70 0)p{'} | /_ (; (—77){—?7‘1”&3 0 ()] (A5)

It is straightforward to fit the aii) mode functions to |D and determine the numerical
coefficient in (A5]). The method to evaluate y(«, ) is to choose an —n;p < 1 and numerically

integrate from —oo < 1 < n;g using (3.6) and then integrate from n;r < n < 0 using (A5)).

Appendix B: Loop Contribution to the Collapsed Trispectrum

Recall that the tree-level collapsed trispectrum, which has one internal line, has terms
that oscillate with frequency 2. We now show that a loop contribution to the collapsed
trispectrum, which has two internal lines, can contain terms that oscillate with frequency
4~. The loop contribution to the collapsed trispectrum then induces terms in the halo-halo
power spectrum that oscillate as cos(4710gksR)H

Consider a theory in which the interaction Hamiltonian is composed of a single o} inter-
action:

Hint(T) = (HlT) /d3 V’.’// 1(33)4. (Bl)

Inserting two factors of (B1)) into (3.1)) yields the 1-loop contribution to the trispectrum:

H2> 2 d?’] kl177 d?]
ki ki, ks) =4 v / / /
( ok ki) (¢o klglkl?)Q 2m)® p |p+k 3

11 Contributions to the halo-halo power spectrum due to primordial non-Gaussianities sourced by quantum

loops in the context of single-isocurvaton QSFI were considered in [42, [43].
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’ \
_kll + ks _kl2 - ks

FIG. 6. A diagramatic representation of the loop contribution to the collapsed trispectrum. Dashed
lines represent 7, while solid lines represent oj.

I [(W(i)(o)ap*(n))?} Im {(Wm(o)aiﬁ* (n’))2 (agw <k%n) o (%n’))
) (Ul (|p LRSS ) ) (hoz_k\n))} (B2)

As described in [27), 42] 43], for ks < ki, the loop diagram can give a large contribution
to the collapsed trispectrum. In this limit, the loop integral is dominated by the region in
which p ~ kg, which means the mode functions on the bottom line of can be expanded
in p/ky;. Defining the integral

7 _ d’u —3426; 5| —3+2€2 B3
(61762) — (27T)3u |u+X’ ) ( )

where X is an arbitrary unit vector, the loop contribution can be written:

H2 4 1 kf2 —3/2+2a
T coll k ,]{7 ;ks — 9 <_) v////2 < s )
¢ ( 11, Ki2 ) o k?1/2k?2/2 k1 ko

k ks ks
[Re[cl] + Re[cs] cos <2’y log k—jz) + Relcs] cos (27 log H) + Re[es] cos (27 log E)
1 1 2

ks ks k2
— Imlcs] sin (27 log — k: > — Imlcz] sin (27 log k_) + Re[cy] cos (27 log )
1

12 ik
]432
— Im([e¢y] sin (Z’y log Tk > ]
1R

(B4)
where

er = 2y(20,0)* (67207

Zle @) + b W P2 (0 + iy, — i)

ca = Iy(2a, 20 (1. )+(rbl Y 2t

¢ = 4y(2a, 0)y(2a, 29)bY’ |b(J 2 + ]bls | )Z(a,a—i—z’fy)

cy = 2y (2a, 27)]2 ( 1s_ ) Z(a+ iy, a+i7). (B5)



16

Note that the loop contribution to the trispectrum has terms that do not oscillate with

log
4ry.

ks/ki;, terms that oscillate with frequency 27, and terms that oscillate with frequency

The loop contribution to Py, due to the quartic o} interaction can also be computed:

%:2<b_2>2(5_2)2< 2 )QV,,,,Q 1
Pun(ks)] by o 5Q, H2R? (ks R)1=22 o002

(Re [e17(20,0 + €2 | (20,27) "]

+ 2 cos (2ylog ksR) Re [e3J (2a, 0) J (2cx, 27)]
— 2sin (2ylog ksR) Im [c3J (2c, 0) J (2cx, 27)]
+ cos (4vlog ksR) Re [c4J (2at, 27)?

]
— sin (47log kyR) Im [caJ (2cv, 27)?] )
(B6)

While it appears that the terms oscillating with frequency 4+ in could induce unique
observable features in Py, (ks), it turns out their coefficients are suppressed relative to those
of the non-oscillating terms since |J(2a, 27)| < J(2c,0). This can be understood by noting
that while the magnitudes of the integrands of J(2a,27v) and J(2c,0) are the same, the
integrand of J(2«, 27v) is oscillatory and washes J(2c, 27) out.
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