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* This transforms the scalar quadratic action into the following form:

(5) s 1| 2 2o
Sy’ = dx§u — (Vu)*+ —u

<

Reminder: Throughout the lectures, unless explicit, we set ¢ = A = 1 (natural unit)



a. Expansion in terms of operators

* This action is of the same form as that of a free field with time-varying
mass: Considering the Minkowski metric n,, = diag(—1,1,1,1) and the

effective mass mz¢ = —z''/z, we can rewrite the action
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a. Expansion in terms of operators

* This action is of the same form as that of a free field with time-varying
mass: Considering the Minkowski metric n,, = diag(—1,1,1,1) and the

effective mass mz¢ = —z''/z, we can rewrite the action

1 1
Sy = /d4x< — 5n“”8uu&,u — §mgﬂcu2>

— L u + mgﬁu =0 Free field in Minkoswki space!

« Thus, we can apply the standard wisdom for the quantization of a free
field, or a harmonic oscillator:
1. Promote the canonical conjugate pair to operators, and
2. Impose canonical commutation relations



1) Promoting conjugate pair to operators
e First find the conjugate momentum of u:
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1) Promoting conjugate pair to operators
e First find the conjugate momentum of u:
5L

Hu:W:u

» Promote both u and II,, to operators: @ and II,,

 Being a canonical field, decompose the Fourier mode of #i in terms of the
creation and annihilation operators:

i(r, ) = / (gi")g e (r, k) = / ( Zk‘”[akuk( ) +al yui(n)]

R 3
Hu(r,x)=/(3§ e* 211, (1,k) =

o |apui (r) + ol yui (7))




2) Imposing canonical commutation relations

« The creation and annihilation operators satisfy the canonical commutation
relations:

g, a(ﬂ = (21)36®) (k — q) , otherwise zero



2) Imposing canonical commutation relations

« The creation and annihilation operators satisfy the canonical commutation
relations:

g, a(ﬂ = (21)36®) (k — q) , otherwise zero

- With these, the equal-time commutation relation [i(z, x), [T, (z, ¥)| gives:

~ ﬁ - dk d3q k-x _1q-y T */ i T !, *
u(r,z), I, (1,y)| = PE (277)36 e Ak, ALg| Ukl — |Qg, Q| Ugly

+ [ak,aq]uku; + _aik,aiq}uzuz’}

Bk . *
- / (2w)362k.(m . (“’““k B “;f“k)




« Being a canonical conjugate pair, we already know

i(r.2), ()| = i6® (@ —y)

 This imposes the normalization (or “Wronskian") of the “mode function” u,(7):
/ / .
UpU;, — UpUs, =1

 Indeed, once this normalization is imposed, the equal-time canonical
commutation relation [#i(z, x), M, (t,y)] = i6®® (x — y) is satisfied



b. Choice of vacuum states

« We worked out the standard commutation relations for operators, but still
we need to determine the mode function u(z, k)

« Determining u(t, k) amounts to fix the vacuum state |0)y,. defined by

ag|0)vac = 0 for all k
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b. Choice of vacuum states

« We worked out the standard commutation relations for operators, but still
we need to determine the mode function u(z, k)

« Determining u(t, k) amounts to fixing the vacuum state |0),,. defined by

ag|0)vac = 0 for all k

* In the Minkowski space, the vacuum state is such that the Hamiltonian
operator of the system is minimized and is uniquely defined

« However, in FRW universe the background is time-evolving, it is not clear
how and when to define the vacuum

* In fact we have only 1 situation where time dependence is not relevant —
k > aH, where frequency becomes time-independent
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« The equation of motion for u from the quadratic action is:

Z,/

v — Au— —u=0
2

e Or, in terms of the Fourier mode
7a
u' + (kQ— Z—)u:

Z
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« The equation of motion for u from the quadratic action is:

Z//

v — Au— —u=0
2

e Or, in terms of the Fourier mode
Z//‘
u’ + <k2——>u:()

Z

2 4 4 8 4H

e Thus, for k >» aH, wi(t) = k?, thus we can straightly apply the standard
procedure to find the mode function solution

 Note that...

1. k> aH means H™1 » ak™1 ~ 2, so the (physical) wavelength of interest is much
smaller than the (physical) Hubble radius, “sub-horizon”

2. k « aH means the opposite, “super-horizon”

y ' 3 2 '
wi (T) \E2a2H2<1—E+—77—@+77 + 77)



« When the wavelength of a mode is far deep inside the Hubble radius, the
mode does not feel any effects due to the existence of the horizon (~ H™1)
and the standard wisdom of QFT in flat space can be applied
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« When the wavelength of a mode is far deep inside the Hubble radius, the
mode does not feel any effects due to the existence of the horizon (~ H™1)
and the standard wisdom of QFT in flat space can be applied

« The Lagrangian in this limit at (say) T = 7y is very well approximated by

L = % {u’Z — (VU)Q}

* The corresponding Hamiltonian operator (promoting u and II,, to operators)

9 = /d%% {ﬁi + (Vﬂ)ﬂ

d>k N -
:/(277)3{%& k(uk. + k*0 )+cc +{2a;rcak+ (27) 5(3) }(! k‘ +k2’uk‘2)}




» Evaluating the expectation value of § w.rt. vacuum |0), gives

~ 1 R R
0(0810)0 = 5 [ a6 (0) (34 + 12 )

« Our next task is to find the mode function u; that minimizes this expression



» Evaluating the expectation value of § w.rt. vacuum |0), gives

~ 1 R R
0(0810)0 = 5 [ a6 (0) (34 + 12 )

« Our next task is to find the mode function u; that minimizes this expression
« Deep inside the horizon (k% > z''/z) the equation for u is approximated to

u// + kzu — O Plane wave!



» Evaluating the expectation value of § w.rt. vacuum |0), gives

~ 1 R R
0(0810)0 = 5 [ a6 (0) (34 + 12 )

« Our next task is to find the mode function u; that minimizes this expression
« Deep inside the horizon (k% > z''/z) the equation for u is approximated to

u// .. kzu — O Plane wave!
« Thus we expect the mode function u; takes the plane wave form:

up = Pre’’

« Without losing generality, we take both y, and 6, real, and we assume
constant, as the maximum amplitude in Minkowski space is preserved



» Normalization u,u}’ — ujui =i gives

e’ - ahpe 0% (—i0)) — Yre*ib), - e = 20l =i



» Normalization u,u}’ — ujui =i gives

e’ - ahpe 0% (—i0)) — Yre*ib), - e = 20l =i
« Then the expression in the expectation value of the Hamiltonian becomes

1
43

12 o 12 2
T |” + K2 || = 20, + k2R = - k22



» Normalization u,u}’ — ujui =i gives

wkeiek . wke—iQk —29/ . wkeigkiel _ wke_iek _ _22w29/ —
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« Then the expression in the expectation value of the Hamiltonian becomes
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» Normalization u,u}’ — ujui =i gives

wkeiek . wke—iQk —29/ . wkeigkiel _ wke_iek _ _22w29/ —
k k kY k

« Then the expression in the expectation value of the Hamiltonian becomes

[ )
12 2 9 1
/ 2 2/ 2 12 2 1.2
Uy |” + B ur|” = R0y + Ky = 102 - k7Y,
K Y
We want this to be minimized!
1 1
Vi )3 Ve =
3

2k? + >0

20 | =(ap2) 1



» Normalization u,u}’ — ujui =i gives

wkeiek . wke—iQk —29/ . wkeiekiel _ wke_iek _ _22w29/ —
k k kY k

« Then the expression in the expectation value of the Hamiltonian becomes

@ )
2+ B2 = 930 + KR | + KR
“ Vi y
We want this to be minimized!
1 1
wk:\/iz_kvgk:—lﬂ =g =0 e
) - 2k% + i > 0
e 21 A (4k2) =1

Massless scalar field solution!
(Ex = wy = k)



« With the mode function solution a la massless scalar field, $ is written as

~ A3k 1
= / (273 [a}cak + 5(2%)35(3)(0) W




« With the mode function solution a la massless scalar field, $ is written as
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A factor that comes from the infinite spatial volume
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« With the mode function solution a la massless scalar field, $ is written as

- dgk —‘- 1 3 (3)
= (273 apap + 5(2%) 6 (0) |wg

A factor that comes from the infinite spatial volume

T

Precisely the Hamiltonian of a harmonic oscillator!



c. Particle creation from vacuum

« This mode function solution, or the vacuum state, does not remain as the
solution (or the vacuum) all the time, because the frequency is time
dependent — wz = wi (), so is the Hamiltonian § = $(1)

* Thus, the mode function (or vacuum) that once minimizes the Hamiltonian
IS no longer does so at some later time
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c. Particle creation from vacuum

« This mode function solution, or the vacuum state, does not remain as the
solution (or the vacuum) all the time, because the frequency is time
dependent — wz = wi (), so is the Hamiltonian § = $(1)

* Thus, the mode function (or vacuum) that once minimizes the Hamiltonian

IS no longer does so at some later time

 Let 7; > 14, and expand (7, k) i.t.o. new operators and mode function:

u(m, k) = bpvg (1) + bT_ka (1) with bg

0); =0

* In general, the new mode function vy, is related to the old mode function
Uy via a linear transformation (and new operators by and bik as well):

k
Vi = QpUL + Orur

“Bogoliubov transformation”



« Being a mode function solution, v, should satisfy the same equation of
motion as that of u,, which constrains the normalization of the coefficients:

g | — [B]* =1
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state throughout all the time!



« Being a mode function solution, v, should satisfy the same equation of
motion as that of u,, which constrains the normalization of the coefficients:

agl® — [Bk|* =1

* Thus, the vacuum state does not remain the same;:

0)o # 10)1

« The notion of vacuum is dependent on time, and there is no unique vacuum
state throughout all the time!

 This has a profound effect: Consider the expectation value of the number
operator N,gb) = b}:bk w.r.t. the vacuum at 7, |0),:

00N 10)0 = o (0] (axaf, — Bra_x ) (aiax = Bial ) 0)0 = (2m)|8420 (0)



« Even if we have started with a vacuum state |0), at 7, (that contains no
particle) at a later time 7; > 1, we find that |0), contains a non-vanishing
number of b-particles, or the perturbations of b-field



« Even if we have started with a vacuum state |0), at 7, (that contains no
particle) at a later time 7; > 1, we find that |0), contains a non-vanishing
number of b-particles, or the perturbations of b-field

* That is, we have something out of nothing!

 This is how quantum fluctuations are generated in gravitational background
(“gravitational particle production”)
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a. Asymptotic solutions

« We can think of 2 limiting cases for the frequency: Either k? is dominant
over z''/z ~ a®*H#, or the other way round
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« On equal footing, we can ask: Is the typical (comoving) length scale for a
mode 1/k much smaller or larger than the comoving Hubble horizon
1/(aH)? Super- (k «< aH) or sub- (k > aH) horizon limit



a. Asymptotic solutions

« We can think of 2 limiting cases for the frequency: Either k? is dominant
over z''/z ~ a®*H#, or the other way round

, o7 ug—l—kQuk:O for k> aH
up + | k2 — — Jup — "
& 2 g ug—z—uk:() for k < aH
2

Previously, we have seen k versus aH in terms of the physical length scales

On equal footing, we can ask: Is the typical (comoving) length scale for a
mode 1/k much smaller or larger than the comoving Hubble horizon
1/(aH)? Super- (k «< aH) or sub- (k > aH) horizon limit

For sub-horizon modes, the solution is a plane wave (we already saw it)
For super-horizon modes:

uy, i
L= 5 up X2z
U Z



« What does it mean that on super-horizon scales u;, o« z?

U
R = — = constant
z

* That is, R; (the Fourier mode of R) is conserved

 This is another reason why we consider R: It is conserved on very large scales
during inflation, until it reenters the horizon after inflation

« Other perturbations, e.g. ¢, keep evolving on super-horizon



b. General solution

« We have seen the solutions of perturbation equations in the 2 limiting
cases: Super- and sub-horizon limits

6—zk7'

U — Vv 2k
2 (k < aH)

(k> aH)



General solution

« We have seen the solutions of perturbation equations in the 2 limiting
cases: Super- and sub-horizon limits

e—ilm'
k> aH
U — vV 2k ( )
2 (k < aH)

« Thus we want a general solution that satisfies...
1. (Of course) the equation of motion
2. Normalization condition uguj — ujuj = i
3. The above boundary conditions at early (—kt > 1) and late (—kt — 0) times



 To find the general solution, let's return to the equation of motion:
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 To find the general solution, let's return to the equation of motion:
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u”+(k2—z—>u:0
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 To find the general solution, let's return to the equation of motion:

u + (kQ .

a

Z

Z

Ju=0

|

= W (r)

1

2 4 4

' 3
\22a2H2<1—5+—n—@+
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 To find the general solution, let's return to the equation of motion:

a
u' + <k2—z—>u:

l Y J 3
= wi(T) L—2a2H2<1—§ Zn—%—l—
_ 1 2 1
_7'2(V _4>
9 3
2__ —
VP = <+ 3e+ S0+




 To find the general solution, let's return to the equation of motion:

4
u' + <k2—2—>u:

* If we solve this equation assuming that v is constant (a good approximation!)
we find the solution in terms of the Bessel functions:

w(t) = et/ =71, (—kT) + co/ 7Y, (—kT)



 But for later convenience (it will become clear very soon) instead of the
Bessel functions we use the Hankel functions:

u(t) = vV—r [cl(k)Hy)(—kT) + c2(k)H,§2>(—kT)}
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 But for later convenience (it will become clear very soon) instead of the
Bessel functions we use the Hankel functions:

u(t) = vV—r [cl(k)Hy)(—kT) + c2(k)H,§2>(—kT)}

* In the sub-horizon limit k >» aH, from the asymptotic form of the first kind of
the Hankel function in the limit z = -kt = k/(aH) > 1:

H(l) (Z) BN iez’(z—ﬂ'u/2—7r/4)
g 2>1 \ 72

« The second Hankel function is complex conjugate to the first: Héz) = Hél)*

« By matching the sub-horizon solution u = e~ /+/2k, we find ¢; and ¢, as:

o = VT itr41/2)m/2

2
CQZO



« A particularly important and simple case is v =3/2

» From v* =9/4 + 3¢ + 3n/2 + -+, this case corresponds to € =n =0, i.e. perfect
de Sitter case



« A particularly important and simple case is v =3/2

» From v* =9/4 + 3¢ + 3n/2 + -+, this case corresponds to € =n =0, i.e. perfect
de Sitter case

« Then we exactly have

2! —1
2 —92¢°H? d 7= —
~ a all T a,H

« The corresponding first kind Hankel function of order 3/2 is

Hé/;(z) = — —(1+ —)e

e 4



« A particularly important and simple case is v =3/2

» From v* =9/4 + 3¢ + 3n/2 + -+, this case corresponds to € =n =0, i.e. perfect
de Sitter case

« Then we exactly have

2" —1
~— =2¢°H? and 7=—
~ a all T o H
« The corresponding first kind Hankel function of order 3/2 is
Hé/;(z):— g<1+;)e

« We can find the mode function solution in perfect de Sitter space as

up(T) = \/%7{ (1 — é) o kT
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3. Tensor perturbation

« Before we closely study the quantization and the mode function solution
of tensor perturbation, let us first consider the asymptotic solution in the
large-scale limit:
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of tensor perturbation, let us first consider the asymptotic solution in the
large-scale limit:

) . A
hz‘j -+ SHhij —

kZ

a’
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3. Tensor perturbation

« Before we closely study the quantization and the mode function solution
of tensor perturbation, let us first consider the asymptotic solution in the
large-scale limit:

« Thus, on very large scales the amplitude of the tensor perturbation
remains constant

- Having seen the constant large-scale solution, now let us study more
closely the quantization and general solution of tensor perturbation



 To incorporate the 2 physical d.o.f. of tensor perturbation, we introduce the
polarization tensor e(s)(k), with s denoting 2 different polarization states:
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 To incorporate the 2 physical d.o.f. of tensor perturbation, we introduce the
polarization tensor e(s)(k), with s denoting 2 different polarization states:

hij(T,2) = / (;ZW’; Z'“””Z%) r,k)el (k)

« The properties of the polarization tensor are
ol8) — ()

€ = €5 (symmetry bet spatial indices)
5 67(;3') =0 (traceless)
ke (“’7) =0 (transverse)
5‘;) S ) = 2044/ (2 indep pol)
S)( —k) = S)*(k) (realness of h;;)
%eilkeg. ") = —ise’(") if we choose circular polarizations



« The the tensor quadratic action (in the Fourier space) becomes
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« The the tensor quadratic action (in the Fourier space) becomes

2.2 3
S —/ﬁ7‘4 / 3§:(@>—kh@)

- We introduce a canonical normalization for hy as

e Then the action is written as
d3k 1 a’’
S = E:/ﬁ — k0 + —v?
T ( VL H+ - (O

1. 2 copies of identical action for each polarization state
2. The effective mass is not z"/z but a'’/a — much simpler than that of curvature pert!




« We proceed the quantization of perturbation as before, that is:
1. Find the conj momentum Il = 6£/5vs and promote vs and Il to ops:
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« We proceed the quantization of perturbation as before, that is:
1. Find the conj momentum Il = 6£/5vs and promote vs and Il to ops:
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« We proceed the quantization of perturbation as before, that is:
1. Find the conj momentum Il = 6£/5vs and promote vs and Il to ops:

5L

ovl.  °
5u(1,k) = aPDoy (k, 7) + a) vr (k, 7)

Iy =

~ T .
(7, k) = ol (k, 7) + a'®) v (k, 7)
2. Impose canonical commutation relations:

al(:)’ ((Isf)T} _ (2?)35(3) (k — q Different polarization

states are independent

3. Minimize the Hamiltonian operator at early times (k > aH):

—1kT
ve(k,7) — =

k>aH +/2k
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« We introduce a new parameter u as:
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» Again, matching the early-time solution v = e~%*7/\/2k gives Hankel fct sol:

v(r, k) = ?e“““/”“ﬂ\/:}]ﬁ)(—kf)
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* Perturbations are the fluctuations around a certain value, "mean”, and their
values (around the mean) follow a certain probability distribution

* Thus, it is somewhat pointless to talk about their definite values at
individual points

 Rather, the statistical properties of perturbations are what matters
By definition, averaging over a quantity (say) X is Xy, thus

(X) = Xo = (Xo+6X) = Xo + (6X)

* The so-called one-point function is zero

 Thus, the first non-trivial statistical information comes from 2-point
correlation function, or its Fourier transform, power spectrum

A’k .
§(r=lr—yl|) = ;T P(k)
| S / (2m) 7

Because of homogeneity & isotropy
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« The power spectrum of (say) comoving curvature perturbation is defined by

(R(k)R(q)) = (2m)*0" (k + q) Pr (k)

\ J
|

With respect to the initial vacuum |0) Momentum conservation

- We are working in the Heisenberg picture, so the quantum operator i Is
time-evolving, i.e. it = (7, k)

- Thus, the ensemble average can be taken with respect to some state of
the operator — in our case, the initial state — the vacuum!

- This is essentially not too different from the standard QM problem of
computing the VEV of an operator at some time t > 0, given an initial
state: (X(t)) = (W@ |X1Y(t)) = (YO)|UTOXU@®)|w(0)) = (W(0)|X () (0))
with [1(0)) = [0)
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» From the metric a?[(1 + R)8;; + h;;], both R and h;; are dimensionless, thus
their Fourier components have a mass dimension -3

* Thus, (RR) overall has dimension -6, and the delta function has dimension -3
 This means, the power spectrum Pz (k) has dimension -3
 To introduce a dimensionless power spectrum, it is customary to define
]{?3
PR k) = PR k
(k) = 5 Pr(k)

« Sometimes Py (k) is denoted by A% (k)
* In terms of the canonical field @i, we can write

u(t, k) 1

R(r.k) = == = = agun(r) + ol yui (7))

& &
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 For general case (v # 3/2) the Hankel function approaches

JYSU(Z)'——> _2€,4w/22u_3/2 ['(v) LV

21 T F(?)/Q)
 Thus, the power spectrum is written as
k3 | | —§+ + 24
Pr(k) = 1l YT T
= (k) —é@mZW z

T O
S

I

a=2-—log2—~v=0.729637
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e Practically, the spectrum can be evaluated at any convenient time after the
horizon-crossing, k = aH as very soon afterwards the value of R freezes

* Thus, it is conventional to evaluate Py at the moment k = aH:

Pr(k) = |1+ 2(a — 1)+ om} (%)2 (%)2

k=aH
* This tells us the "amplitude” of the power spectrum!

« Another important property is how it scales with different k, viz. if it has a
larger amplitude on larger or smaller length scales
« As a simple ansatz, we take a power-law form
k‘ nR—]_

Pr =Ar .
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« What does this form mean?

N

TlSQ>1
1
&
Tl:R< 1
k'* > logk

« A gives the "amplitude” of Py at the reference scale k,
« ng tells how Pp is “tilted” towards long- or short-wavelength regime
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 Thus, from the calculated power spectrum we can read the spectral index as

npr— 1= =3 -2V = —2€ — N|k=aH

« The most recent observations on CMB by Planck satellite constrain, on the
reference scale k, = 0.05/Mpc, the amplitude of the power spectrum Ay and
the spectral index to be:

Ar = 2.09687 ) 0509 X 1077
nr = 0.9652 == 0.0042
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« The power spectrum of tensor perturbation is defined by the sum of each
polarization mode:

> {hisy(k)his (@) = (2m)*6P) (k + q) Pu (k)

S

 For the dimensionless power spectrum Py, it is conventional to define it
without the factor 1/2:

k3 V20, |
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CVEu P HE RN, [ T ]
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* If evaluated at the moment of horizon crossing, we have

P (k) = {1—#2(&—1)6} 5 <H>2

2
mp, 27

k=aH
* If perfect de Sitter (u =3/2 or e = 0)

8 [ H\?
Pulk) = m12f>1 (27T>

« The power-law form of the tensor spectrum is assumed to be P, « k™

- Note that P, is directly proportional to H? « p, thus once we detect the
tensor power spectrum we can determine the energy scale during inflation!
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« Another important quantity related to the tensor spectrum is the so-called
tensor-to-scalar ratio r, defined by

 To leading order in slow-roll, we find a universal relation
r = 16e = —8ny,

* This relation is valid for any single field inflation model with canonical kinetic
term, so it is called a consistency relation

 Thus if we are lucky enough to test this relation, that amounts to test all
canonical single field inflation models at one shot!
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 There is another profound meaning
 We can write the tensor-to-scalar ratio as

8 [\ 8 [do\’
T_m%n(H) Tm%l(dN)

dN = Hdt

 Therefore, if we limit interest to the regime relevant for the large-scale CMB
observations which spans N; < N < N, with AN = N, — N; = 0(1), we have

1/2

A N2 r r

a¢ _ AN .= ~ [

mpi N, 8 T 0.01
CMB scales correspond to slow-roll phase,
during which r does not change appreciably

« If we ever detect r ~ 0.01 or larger, the field excursion is super-Planckian!
* This raises an important question in inflation model building
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V(g) = §m2¢2
« The derivatives of the potential are V' = m?¢ and V"' = m?

* First we must check if we can have 60 e-folds: From slow-roll approximation
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- Now we have to determine the end point ¢ and the initial point ¢;

» The end point can be determined by demanding e(¢r) = 1: Again from SR

m2, (V' m2, 4
G(Qbe) ~ 2P1 < v ) | — Pl — 1]
G

2
P R V2mpr

 Thus the initial point for 60 e-folds ¢; = ¢¢ IS

_ 2
doo = /AN M3, + ¢f‘N N N\ V240mp,

. ¢6O ~ 15mp) ~ 2mj,

- We can approximate N = ¢?/(4m$))



« Now we proceed to compute perturbation quantities
1. Amplitude of scalar power spectrum
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« Now we proceed to compute perturbation quantities
1. Amplitude of scalar power spectrum

oo (HN(HY VP _m2¢4N1m #? \°
~= \or q§ -~ 127T2mP1V’2 N 96772m%1 872 mP1 4mP1

2
o~ (1()&) ~ 2% 10°
mpi

- m~5x 10" %mnmp; ~ 10 GeV

2. Spectral index of scalar power spectrum: Using n = ¢/(He) =~ 2m%,V"' /V + 4e

4m? 2
anl—Qe—n%1—2< mPl)Nl——NO.96
N1

N = 60 gives a very good fit!

The simple relation np, — 1 < 1/N is common to the models with power-law potential
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3. Amplitude of tensor power spectrum

poe S (HY o 2V _ 4 (m (N g
h mé, \ 2m -~ 3m2mg,  3m2 \ mp 4m3,

4. Spectral index of tensor power spectrum
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T x -~ —0017
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5. Tensor-to-scalar ratio
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* This class of models, in which ¢ spans a large field range compared to mp, is
called “large field model”

* In effective theory point of view, we typically expect that the low-energy
effective Lagrangian for the regime far below a cutoff scale A < mp; looks like

On
£eff — £¢ + ZciAn—4

n>4

Smooth structure OVGW

Structure beyond a cutoff A < mp;
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« The dimension-n operators 0,, include not only ¢ but also its derivatives, e.g.
n n n _.m
¢ 9 (a,u¢) 9 (8M¢) ¢ S

* Thus, we expect many sub-Planckian structure that may well interrupt
otherwise successful large-field inflation with super-Planckian field excursions
(e.g. “n-problem” in inflation model building in supergravity)

e This is in tension with observations!



