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>~ Dynamics of Inflation <> Statistics of perturbations

» Near Gaussian : Central Limit Theorem
> Gaussian statistics : Observationally well constrained

- Plethora of theoretical models

- Knows little about the properties of inflation We're Here!
13.8 billion years

~ Non- Gaussian: Anything other than Gaussian

Dark Energy

10 billion years
- Point towards specific features like number of fields, First Galaxies &Dark Matter
lllion years
form of the potential and kinetic part, energy scale etc.. 0o s
FirstLight
| 380,000 years
Inflation
b : 1032seconds

BigBang

Osec



Gauge fields during Inflation

A. Kandus, K. E. Kunze, and C. G. Tsagas, Phys. Rept. 505(2011) 1-58,

> Weak coherent magnetic fields in the inter galactic medium (? ~ 1071°G) : May have primordial origin

~ Amplification of gauge field = break conformal symmetry

o Maxwell’s theory is conformal and inflationary back ground is also conformal

» Same as the flat space mode

1 .
A(n) ~ e =N
\V 2k - Red shifted away

> Conformal invariance is restored at the end of inflation
>String inspired effective field theory : Dilatonic couplings which breaks conformal symmetry

> Broad category : Does the gauge field has VEV or not

O |n our model we assume < A > = ()

> Interactions between gauge fields and gravitational modes : Cross correlations, exchanges etc.



Inflationary Dynamics

» Single field inflation in the slow roll model

Sp = — %de‘\/—fg :g/“”’ﬁﬂqbdy¢ + 2V (¢) — R:

> Include the metric perturbation through ADM decomposition
_» lensor fluctuations

ds* = — 1172 dt*+ h;; (dxi+ N’ dt) (dxj+ i\fj dt) With  h;; = azezi[e?’]ij

Lapse Shift Scalar fluctuations

- ¢ and v;; satisfies the Mukhanov-5asaki equation

, B D normalisation 1 H N
£ 4 235 -V¥=0 @— &= (1 + ikn)e ™"
Z

v/ 2€ \/2k3
v

z = a\/ 2¢€, and € is the first slow roll parameter




Inflationary Dynamics

- ¢ and v;; satisfies the Mukhanov-5asaki equation

, B D normalisation 1 H N
2l v — e () B (1 + ikn)e ™7
< \V 2€ \/2k3
\
Z = an/ 2€, and € is the first slow roll parameter

> The dimensionless power spectrum
>~ Nearly scale invariant in slow roll inflation

k3
9«% = > | C(17) \2 > Agrees with CMB observation
T
- Similarly for ; > Power spectrum is suppressed by tensor to scalar ratio
1) = —=(1 + ikye = 7
Vi3 = j < 0.036
G

BICEP, Keck collaboration, Phys.Rev. Lett. 127 (2021) 151301 [2110.00483]
P. Campeti and E. Komatsu, Astrophys. J. 941 (2022) 110 [2205.05617]



Our Model

> Dilatonic coupling: Explicitly break conformal symmetry & rana, Astrophys. J. Lett. 391 (1992) L1

I . _
SIA,] = — ZJ d'x /=2 li@ Fopm o Fu=0,A,-0A,
A~a® ~pn . ds® =a* (r]) [—di’]z + d)_c’z]

~ U(1) Symmetry : No self interactions

—

>~ We work in Coulomb gauge: A, =0and V.A =0

> Equation of motion

1 T . n !
oA B D A _ pirn+ 12— L
- A, is an auxiliary field with B, = qu” and E, = qu” with u* = (1/a,0,0,0)
dpp Ak dp, Ak | k> ,
P = =—P,, P = = — With P, =2—|A :
B=dink 472 ° E=dnk 472 F p =25 1AM

7

(1) (_
Hn%( kn)
2 / 2
Pg _4‘Ak(77)‘
a



QOur Model

»The dimensionless power spectrum is given as V. Demozzi, V. Mukhanov, and H. Rubinstein, JCAP 0908 (2009) 025
R. J. Z. Ferreira, R. K. Jain, and M. S. Sloth, JCAP 1310 (2013) 004
dp 9(7}’1) 442 —n,n > — 1/2
5~ > H* (—kr]) " m = > Scale invariant forn =2 andn = — 3
dlogk 27 l+nn<—-1/2
dpE ~ Cﬁ(m)H4< A )4+2m " — l—n,n=>1/2
dlogk = 272 ! — ) an<i1n2
- For n = — 3, the electric spectrum diverges leads to back reaction problem (can’t have N > 13.8)
_ 2 . _ 2N, .. _ ,—120 . _1—=1 _ _120
. Forn—Z,/I(gb) X a“: /Hﬂo—> 1 = Af. .. =e “wd=ce L ey =4 =e

= This is the strong coupling problem, one can’t do perturbative analysis

= Can circumvent the strong coupling problem

R. J. Z. Ferreira, R. K. Jain, and M. S. Sloth, JCAP 1310 (2013) 004



Interaction Hamiltonian

> No self interaction = No three point auto correlation function

» We choose comoving gauge : Only possible interaction is through metric fluctuations

> Using the ADM decomposition to next order one can obtain with scalar fluctuations

1 |
_ 3 2 2 R.K. Jain and M.S. Sloth, Phys. Rev. D 86 (2012) 123528
HCAA = n Id A /IC (Al R EFIJ T 0(6) L. Motta and R.R. Caldwell, Phys. Rev. D 85 (2012) 103532
> With tensor fluctuations

1
H,y\ = EJd% 173 ( AlA! = (B,AQA, + 0,A0A) + 20,A0,A, ) + O(¢)

~ We are avoiding a temporal boundary term
M. Braglia and L. Pinol, JHEP 08 (2024) 068 [2403.14558]

a : 1
Rasdd 2 2
Bran = ZHC (Ai 72 4 ij) > Red shifted away or suppressed relative to bulk



In-in Formalism

Master Formula

Interactive Vacuum Free Vacuum

T T

<Q\@(;70)|Q> = (0] T(eiﬁ%odr/Him> O(1,) T<e—ifi%odnHim) |0)

l l

Anti- time ordering Time ordering
- Contour choice: Bunch Davies Vacuum Im(??)A
—OO(lk-I- i€) c.
>
M(no) Re(n)
—o0o(1 — i€) N

10



In-in Formalism

Master Formula

Interactive Vacuum Free Vacuum

T T

(Q1001) Q) = (0] T (e 1tu) Opy) T (=111 ) |0)

| |

Anti- time ordering Time ordering
—o00(1 + i€) c
- +
> Contour choice: Bunch Davies Vacuum ——e
- C_ O(no)
—00(1 — ie)

> Should keep track of time ordered and anti-time ordered part: Spurious divergences

» Perturbative analySiS P. Adshead, R. Easther and E.A. Lim,Phys. Rev. D 80 (2009) 083521

_ Mo X Mo Mo Mo 5 Mo Mo
r 1+iJ' dﬂHint+iJ dﬂlHintJ dny Hipt + . ... @(ﬂo)T 1_iJ dﬂHint‘F(—l')[ d’hHint“ dny Hipt + - ..

—0 —0

> One way to keep track : Cosmological diagrammatic rules s Giddings and M.S. Sloth, JCAP 07 (2010) 015

1




Cosmological Diagrammatic Rules

S.B. Giddings and M.S. Sloth, JCAP 1007 (2010) 015/1005.3287]
» One can summarise the cosmological diagrammatic rules for scalar exchange (chAA) as follows

1. Draw the final hyper surface, end of inflation n = 7,

2. Draw all possible diagrams for the process, allowing vertices to appear above and
below the 7, surface

3. Lines that cross or terminate are represented by Wightman function W.(n,n’) = Ak(n)A;(r]’)
- Lines entirely below the final surface : G (k;n,n') = W, (n,17') 0 (n —n') + W, (n'.n) 0 (n' — 1)

- Lines entirely above the final surface : Gy (k; ’7”7/)

4, Vertices located below : a factor of —2inA and integrate over the conformal time

- Vertices located above : a factor of 2inA and integrate over the conformal time

5. Divide by appropriate symmetry factor, diagram related by reflection across 7j, accounted by 2Re



The Bispectrum

» Ri 1 R.K. Jain, PJ. Sai and M.S. Sloth, JCAP 03 (2022) 054
Bispectrum (contact diagrams) R.K. Jain and M.S. Sloth,, JCAP 02 (2013) 003

R.R. Caldwell, L. Motta and M. Kamionkowski,, Phys. Rev. D 84 (2011) 123525
C/v Ankr) An(ks)

(CAA) or (YAA)
( Clky)y(ky) B(kz)B(k3)>;70 ~ log(—kn) P g/y(k1)P (k)

» The result is forn = 2

—ig
> The first check of non-Gaussian feature
~ Logarithmically diverging contributions
> Trispectrum (Exchange diagrams)
tg
- Naturally next in order ¢/
Ai(k) Aj(ka) Am(ks)  An(ks)

70 Am(k3) A, (ky)

Ai(k1)  Aj(ka) 0
(AAAA)

13




The Trispectrum

. <AAA A >and < A/AIA’AT > —0m8 —— <BBBB >and <EFEEE >

Yt mt n 1< mt n uw-v=p=o uw-=v—"p—o

With Bﬂ =" Fﬂyu” and Eﬂ = Fﬂyu” with u* = (1/a,0,0,0)

> All possible diagrams are i2n\

Ai(kr) Ajka)  Ay(ks) A (k)

—212n)\ —212n)\ —12n )\

1LZNA

Af(kl) Aj(ks) Ay(ks) Am(lfél)

—12n)\ —12n\ —12nA\

—12n)\ —12n)\
14



Computations

> Solution can be written in a schematic way as

> Trispectrum can be written as Nested time Integral of mode functions

; \2 f
(Ai (ki) A; (ko) A4 (k;) A, (ky)) = @) 5(2 k)(;ﬂ) NG T+ (k) > (k) + (k) > (m.k)

¢ X,YEA,A' i ¢

Connected (2n)? Polarisation permutations
3 1o
Hepp=n|d’x AG | A" — EF + O(e)

> Results for arbitrary values of external momentum and for different ‘n’

~ Individual diagrams has spurious diverges as 7, — 0, which cancels each other.

15



Nested time integral

> The cubic order interaction Hamiltonian for the scalar exchange is A;(ky) Aj(ke) Ajks) A, (ky)

3 r 1o
Hepp=n|d’x AC | A _EFlj + O(¢)

> Using cosmological diagrammatic rules one can write —i2n\ —i2n A\ )
"o Ho
Iy = _J dny A (’71) J dy A (’72)Wk1 (770, ’71) sz ('70» ’71) G,fl (’71» ’72) Wk3 (’70» ’72) Wk4 (’70» ’72>

l Im(n)

On the positive contour

—00(1 + i€) c
- +

—00(1 — i¢)




Nested time integral

>~ The cubic order interaction Hamiltonian for the scalar exchange is (kl) Ai(ks) Ajksz) Ak 4)

3 r 1o
Hepp=n|d’x AC | A _EFU + O(¢)

» Using cosmological diagrammatic rules one can write

—12n)\ —12n )
"o Ho )
I{y = —[ dny A (’71) [ dny A (’72) WléX (’70’ ’71> WI?;X <’70’ ’71) G;f, (’71’ ’72) W]éY (’70’ ’72) WIQY <’70’ '72)
0 % 12n\

- “XY” comes due to the form of interaction Hamiltonian

>~ The second diagram /5 T _

"o Mo
I = J dn, 4 (ﬂl)J di, 4 (’72) WléX (’71”70> WI?QX (’71”70) W/fl (’71"72> WQY ('70’ ’72) WQY ('70’ '72)

oo —12n\

»The quantities we need to compute I*" = 2Re [Iﬁ IXY]



Polarisation Coefficient

» The polarisation coefficients are

Qg}?qf ia(I}1> Pab k2’k1 Hb]( > ch( 3) |]:D k49k3> Hdm<k4>
k2

it b)) W)
= (1) 1,0 ) ot )
i =), (1) ) 1 )

>~ Enforces the Coulomb gauge constrain : k.II(k) =

> Only contains scalar products of external momentum

- Properties of projection tensor gives index free form for all Q’s

Projection operator

T

(k) = ;- i

] 1]
”:Dab<k19k2) — (kl ‘kz) Oup — K1Kop

'

Generalisation of projection operator



Scalar Exchange: Magnetic Trispectra

Different channels

!

: 2
N L[ i
<B(k1) y B(kz) B(k3) . B(k4)> = (271')3 5(3) ( Z ka) ‘GICB(k19k29 k3,k4) With 97CB — g (H_/l) 2 Z ngylSXY

Se1,2.3 X,YeA A’

» We focus on the index free trispectra

oa=1
- Polarisation function is Momentum Quadrilateral

0, , = kiksksk; (14 cos®6),) (1 + cos®6y,) - Momentum conservation = closed shapes

QfAA’ = 2kik;ksk, (1 + cos? 912) cos b,

Qch’A’ — 4k1k2k3k4 COS 612 COS 934

> Shape is not planar



Scalar Exchange: Electric fields Trispectra

> The electric field trispectrum

2
A .
A 1
: : — 3 53) ) 1702 410 ) ) )

(E(k)) - E(ky) E(k3) - E(k})) = 27)° 5 (Z}k>( Hﬂ) S 1GOPIADAOTIAL 1A
With 2

) X kikoksky [ = Y Y 05, FX

Q?AA=4COS¢912COSH34 3 XY

Q%A’A — 2 (1 + COSz 912) COS 634

Q= (14cos?6),) (1+ cos*6s,)

>~ For n > 0O the electric trispectrum is much suppressed compare to the magnetic trispectrum



Equisided Configurartions

> Equisided configuration: |K;| =|Kk,| = |k;| = | K,]
» Maximises the signal for interactions with higher derivative operators

- Each derivative contributes powers of momenta

» Removes the directional hierarchies

> Shapes can be analysed using two characteristic scale

- One can count the DOF as : 12 - 3-6-1=20r 12- 3-4 - 3

» Choose the coordinate as follows:



Equisided Configurartions

» Choose the coordinate as follows:

<>

<>



Equisided Configurartions

- The relative angles C;; = cos 0;;

C12 — C34 = COS 21//

Ciz = C,, = sin*ysin ¢ — cos’y With cosy = —-

Cis = Cyy = — sin*ysin¢g — cos”y

- One can study the configuration specifying k;, kK and @

» The exchange momentum in different channels is

kI=k\/2(1+Clz), k =k\/2(1+q3), k =k\/2(1+Cl4)

- Value of ¢ different configurations: ¢ = /2 is counter collinear limit in third channel



Equisided Configurartions

~ The magnetic trispectrum is

N
— 3 5(3) - A 2 Ky
(B(k)) - B(ky)B(k3) - B(k,)) = 27)” 6 K, E P (:(kl)P 5(k) F E’ ¢
1

a=

Contains all the informations of three channels and the nested time integrals

400

- Monotonically increasing function of k;/k 300

F(ky/ k)

- Correlation strength « k;

- F(0) # 0O, is the counter collinear limit

0 0.5 1 1.5 2
ki/k



Counter Collinear Limit

» The counter collinear limit is defined as k;, = O or k, =~ — k,

» Captures the long-wavelength modulation of short-wavelength modes
» Amplifies the exchange contributions and sensitive to the multi field dynamics k,
» Primary objects in the construction of soft theorem or the consistency relations

» The magnetic field trispectrum in the limit is

4
lim (B(k;) - B(ky)B(ks) - B(ky)) = (27) 6 ( 2. ka> Pr, Pk Py(ky) P(ks)

Non-linearity parameter

a=1

> From Equation of Motion

2
n A
%irr(l) (B(k,) - B(k,) B(k;) - B(k,)) 1 (Zﬂ)3 5O ( Z ka) <H_}t P (j(kI)P g(K)Pg(p)

a=1

> For generic coupling (n) and for any channel



Counter Collinear Limit

N
—> By, = (HL/I) B (bzgfL)z

k;
s\ 1
Where lim ({(k))B(k,) - B(k3)) = 2x)° 5 ( Z k“) by P (k) Py(k)
a=1

Non-linearity parameter

k,—0

1. Suyama and M. Yamaguchi, Phys.Rev. D 77 (2008) 023505 [0709.2545]
> Novel consistency relation similar to Suyama-Yamaguchi relation

»The bispectrum : single trilinear vertex, the trispectrum : two such vertices.

2
. The equality is a lower bound, in general ﬁ]‘\:,L > (bf,L)

- The presence of y exchange validate this inequality

V. Assassi, D. Baumann and D. JCAP 11 (2012) 047 [1204.4207]



Tensor Exchanges

» The exchange mode is a spin 2 graviton Vi - helicity

» The mode expansion is

al Jd3k Y e edb +h.c.
oo X, — e 6" .C.
}/ZJ ;/] (272’.)3 S=+2 _yk ;7 lJ * k _

polarisation tensor

ka (7719772) =TI W,f (771,772)

> Scalar Exchange , Tensor Exchange

> So the tensor exchange trispectrum is suppressed by tensor to scalar ratio

> The trispectrum in terms of gauge field is

<A (ky) A; (ky) Ay (k3) A, (ky) > = r 2m)’ 6 ( Z ) Z Q;ﬁlxy

a= X, YEA A Different channels

?

+(]9 k2) < (la k3) + (]9 k2) < (ma k4)



Tensor Exchanges: Angular dependence

>~ The polarisation coefficients are

Qy?nf= avedki- k) T1 <k1> ]d<A2

I

QyAA — abcd(k19k2

ijlm (
QzﬁmA = 1]; <k1> ib <’}2> %ba'b'( I) ch’<i%3
Ql}]/?mA iCl(I}l) Hjb<i€2> waba’b’(’%) Hla’(lg3> Hmb’<lz4>

With
D ped (9) = —I1, (9) 1L, (Q) + 11, (9) 11, (9) + 1, (Q) L1, (67)

Xabed (k,p) — cdkapb + (k p) 5ac5bd 25bdk

» @ — contraction among exchange momentum and external momentum

- Different exchange momentums, k;, k;; and k;;;, in different channels



Tensor Exchanges: Angular Dependence

Dybed (é> — _Hab (Q) Hcd <Q) + Hac (Q) Hbd (9) + Had (Q> Hbc (Q) Xabed (k9p> — cdkapb + (k p) 5 5bd 25bdk

> @ : Correlating the azimuthal orientation of k; with k

¢ . mixed contractions with free indices == higher order angular functions

> In counter collinear limit : enhanced correlation along k;

> Equisided configuration : oscillatory angular dependence (spin -2 nature)

Magnetic trispectrum

> The richer angular dependence is preserved

> In the counter collinear limit

1AA k4k4 kla klb %bab(kl) k3a ka Spin-2 projection from @ is survived



Super Hubble Growth

L. Motta and R.R. Caldwell Phys. Rev. D85 (2012) 103532 [1203.1033]
R.K. Jain and M.S. Sloth, Phys. Rev. D 86 (2012) 123528 [1207.4187]

M. Shiraishi, S. Saga and S. Yokoyama, JCAP 1211 (2012) 046/1209.3384]
R.K. Jain, PJ. Sai and M.S. Sloth, JCAP 03 (2022) 054 [2108.10887]

- For n = 2, the bispectrum : { {(k)/y(k;) B(kz)B(k3)),70 ~ log(—kn,) P(:/y(kl)PB(kZ)

~ No such logarithmic time dependence for n = 2 trispectrum

» However forn = 3

(AAAA > ~ log(—kn)

- For n > 3, the 77, dependence is inverse polynomial

> A diverging behaviour results in large observational signal



Magnetic Energy Density

> The trspectrum also encodes the following:

» The magnetic energy density

(k) = [d3p B(p)Bk —p) = {pzk) (k'))—J dp Jd3 (B(p) Bk —p) B{p") B{(k' -
pple) = | 55 Bilp) Bk —p pp®) ppk) ) = | o5 | o (BIAP) Bilk —p) B(p) B -p))
— (272')35(3)(k+k,) _P;i;sconn(k) _I_Pconn(k)
And l

Gaussian: from Pj

conn d3p d3p, C/
Fo (1) = J (2@3[ 203 ‘/Bi



Summary and conclusion

- We did the systematic computation of four point autocorrelation function of U(1) gauge field with

full in-in formalism upto cubic order interation with both tensor and scalar perturbation.

>~ From the auxiliary gauge field we also obtain the trispectrum for B and E , in the contracted form

which contributes to energy density.

> |In the equisided configurations the non-Gaussian signal is monotonically increasing as the shape

approaches the flattened configurations.

> In the counter collinear limit, we showed that the magnetic field trispectrum follows a novel
¢ G ’
Py = (bNL>

» Magnetic trispectrum sourced by tensor exchange, inherits a richer angular dependence leads to

consistency relation.

distinctive signatures. But suppressed by tensor to scale ratio



Thank You

(haridevsr@iisc.ac.in)
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