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Usual Story

For a review, see e.g. 0809.4944

P,

single field

Quantum fluctuations generate inhomogeneities.



Usual Story

P,
single field
01 =(91(1)) +0¢1(1,%)
One field - one type of inhomogeneity:

adiabatic perturbations

Observable: (0T,p(1,X)0 Ty (1,5)...)



Usual Story

b,
single field
01 =(91(1)) +0¢1(1,%)
One field = one type of inhomogeneity:

adiabatic perturbations

Observable: (0T,p(1,X)0 Ty (1,5)...)

Given what we know about SM, it is very unlikely only one field
was dynamical during inflation.
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h =) +on(d) 01 = (91(1)) +691(2.%)

One field = one type of inhomogeneity: & = (02(1)) + 8¢ (1, %)

adiabatic perturbations Two linearly independent inhomogeneities:

Observable: (67qp(1,X)0Tyy (1,5)..) adiabatic + isocurvature perturbations

Observable: (8T (1,387 (t.¥)...)
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<i | > info imprinted in dark matter and radiation
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One field = one type of inhomogeneity: 0 = (07(1)) + 8,(1,7)
adiabatic perturbations Two linearly independent inhomogeneities:

Observable: (67qp(1,X)0Tyy (1,5)..) adiabatic + isocurvature perturbations

Quantum fluctuations becoming Observable: (61'“‘;‘; (1,X)0 ﬂf-f,} (1,7)...)
on-shell observables, not

just virtual corrections. <i ] > info imprinted in dark matter and radiation
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background radiation v sfructuf'e fqrmé'tion _

Thus far, scale invariant isocurvature perturbations are observationally
constrained to be less than about 3% of the two-point function power on
large scales.

Usual story: Fluctuations on bosonic field space
(e.g. scalars and gravitons)
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background radiation v sfructuf'e fqrmé'tion _

Usual story: Fluctuations on bosonic field space

What about fermion field fluctuations during inflation?

DC, Yoo, Zhou 1306.1966



Fermion Quantum Fluctuations During Inflation
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What about fermion field fluctuations during inflation?

e.g. dark matter — DC, Yoo, Zhou 1306.1966
from hidden Moy _‘ .
sector Observable: (87, (1. %87, (t.5)...)
> b,
<

no classical VEV for fermions is an
Important generic character of this

multi-field + fermion class of isocurvature perturbations




Fermion Fluctuations Questions
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What about fermion field fluctuations during inflation?

e.g. dark matter DC, Yoo, Zhou 1306.1966
from hidden Ty ) B
sector Observable: 451:;; (1.3)8 Tl (1.5)...)
Z & 5 | * Minimal coupling necessary for observation?
» Features of 2 and 3 point functions of

Inhomogeneity observables? For example,
IS It scale invariant? Bispectrum observable?
* Role of the gravitational Ward identity?

P

multi-field + fermion




Minimal Coupling?

In the inflaton, scalar isocurvature, and the graviton case, one only needs
gravitational interactions to obtain nontrivial observables.

Can one get away with this for the fermion?



Minimal Coupling?

In the inflaton, scalar isocurvature, and the graviton case, one only needs
gravitational interactions to obtain nontrivial observables.

Can one get away with this for the fermion?

no

Certainly, fermions still can be produced by the work done by the curvature
of the spacetime.

As | will explain, the problem is the dilution of the IR behavior of the free
fermionic propagator during inflation.

For the rest of the talk, we will assume that the fermions are stable enough
to be dark matter.



Local Conformal Symmetry

Key differences between free fermions and {scalars, gravitons}:

massless limit of free fermions coupled to gravity is invariant under
local conformal transformations

spin 1/2

Suv (\) — A (-"f)é-f;: v (‘ij ¥ A —3/2 (1) e

VoYYV, ¥ — JgiVy'V, ¥

massless spin 0: no, not with minimal coupling (e.g. scalar perturbations)
massless spin 2: no (i.e. tensor perturbations — BICEP2 )

massless spin 1: yes



Local Conformal Symmetry

Key differences between free fermions and {scalars, gravitons}:

massless limit of free fermions coupled to gravity is invariant under
local conformal transformations

spin 1/2

Suv (\) — A (-"fjg;w (‘ij VY - 1_3’;2 (1) V
VoYYV, ¥ — JgiVy'V, ¥

Important because FRW background (relevant for linearized perturbations)
Is conformally flat.
A=a (1) Spv — Mpv

m << H corresponds to effectively massless dynamics

Since free correlators in Minkowski space are fixed by conformal dimensions,
can read off m<<H free correlator from conformal dimension.



Conformal Symmetry Implication 1

L)
N

Spy () o< Uib(z)

6 = large suppression power from conformal dimension

Note that this by itself does not say that the correlator is suppressed.
One can divide by objects that scale the same way. But the number 6
will persist to be important in suppressing the final result.



Conformal Symmetry Implication 2

(Yebtby)ro =

Fermion particle production ends when m=H after inflation. This is also
connected with conformal symmetry but at the mode decomposition level..
[DC, Everett, Yoo, Zhou 12]

RS 2 (4,66 6 2
(0pdpy)  my/(Ta°renp) 1 NE&)
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Free fermionic inhomogeneities are too suppressed on long
wavelengths to be interesting.

There is effectively a volume dilution that occurs for the fermion modes due to
its conformal behavior which cannot be offset by the denominator which does
not start diluting until after inflation during the coherent oscillation period.



Can Gravitational Fluctuations Save This?

The scaling arguments essentially fix the two-point correlator in the
near conformal limit and make in unobservable.

Coupling to propagating fields in a conformal symmetry breaking
(large breaking) sector is necessary for preventing this generic
feature of the fermion correlator.

Recall gravity sector is non-conformal, and thus far we only looked at
background gravitational fields.

Can gravitational field fluctuations about the background break
conformality sufficiently to leading order in perturbation theory?

no




Ward Identity

One can show that the gravitational coupling to the inflaton-gravitational
scalar potential sector is suppressed due to diffeomorphism invariance.
l.e. Ward identity

e.g. flgi;fif-li]_‘j:j - H;’m’
,+ H\ 0, . ) t r ‘ -, : 3
L, .\ ?+ ’E}?y Teypl(x,y) = '{é}j{_ta{:-::-'::r::-::-}}[f fjf-‘-’/d‘l: “IE{I-‘-’ ]{[E-':‘E:-"‘TJ ilz ]]-]]
N _,/ \_

? ffi"ufri w a (ty) ([, T} (w)])] + O (%)

AJ(d=)T; generates z' — (1+ X2

f
3 3 T i ™ T . . .
d*z /d 2@ (t) ([0, Ty (2)]) = 0 Y7 is a diffeomorphism scalar

For the tensor perturbations, estimates indicate a similar suppression.



Minimal Feature Necessary

Coupling to a conformal symmetry breaking (large breaking) sector

different from gravity is necessary for preventing this generic feature
of the fermion correlator.

renormalizable operator choices to couple fermions to conformal symmetry
breaking sector:

1) | couple fermions to scalars through Yukawa coupling| (simplest - this talk)
2) couple fermions to spontaneously broken gauge theories

Yukawa coupling to inflaton directly makes fermions heavy and decouple for
large field inflation. [particularly relevant in light of BICEP2 result]

Introduce a second scalar sector coupled to only the fermions: e.g. second
scalar and fermions are in a hidden sector from the inflaton




Concrete Model

inflaton
S = /ddf\/ﬁ{ﬁmf[mm ¢ + Lsyv+cpm+.. |G, {¥Y} + Lru|guw, &, {V}]
1 . 1 _ _
—ag*“" E’)ﬂcqr\é?ucr — 5Mo? 0% + Linlguv.0, {RY] + (i7" Ve, — my)tb — )a::r-z;,.-ﬂ,-}
second scalar \
fermions are stable through a U(1): |dark matter
DM fermions
fluctuating

during inflation



Concrete Model

S = /ddiﬂ\/ﬁ{ﬁmf[mm ¢l + Lsyv+com+.. |G, {¥Y} + Lru gy, &, {V}]
1 . 1 _ _
—59”” d,o00,0 — 5o 0% + Lin|guw.0, {h}] + (i7" Ve, — my) — )ir:r-u':u':}

fermions are stable through a U(1): |dark matter

parameters can be chosen to make the computation simple:

long-range force (including screening effects) consistent with other constraints:

Mg < Ty — : me < H(ty) < Hing
gravitational particle prod

since H(l.) ~ my

detach results from inflationary details] 75 < He
choose N and y

suppress 00 — Yy compared to H — n)

o+ gravity — )

My




Composite Operator Renormalization in Curved Spacetime

(V) a7 (V1) y.r) density correlator

(-.;:':T.-"')T:T = (':,.’T‘E).r(ff-""r).r(l + {521) + {SZQ((TI___T:]S -+ f’;Zg(CTT___T)E

+0Z402r + 625 + 62600,y + 6Z7R + 6 ZgRo 1

VU +Y U, oo+ Y o Pauli-Villars fields implicit
T T
0Z5  flat space has no real particles 045+ @ =0
049.043,044 o — o+ ¢ = shiftin the fermion mass

) i'_('iﬁ.fﬂlveﬂ - T”.H‘J)'L':‘ — /\(]';_1 i.

(vac| (D) |vac) fiat = (vael [(F1)ar + AWE)ar] 1066) frat. £, ety

042 + @ =0 0/3 + @ =0 0Zy + @:0



Composite Operator Renormalization in Curved Spacetime
(V)a (P10)y.r)

(V)zr = (u)r(Wa)r(L+6Z1) + 0Z2(02.4)° + 0Z3(02 1)
+07403r + 025 + 626004, + 047 R+ 6 Z8 R0y »
VA normalized to count on-shell particles in flat space
Peomp =0

521 + =0

076 no tadpole for on-shell scalar

874 — p*07¢ + =0



Composite Operator Renormalization in Curved Spacetime

(D)2 (V1) y ) (P)zr = (2)r(r)r(1+821) 4+ 0Z2(020)% + 6Z3(02 )

+0Z400 s + 0245 + 0246002y +0Z7R + 0 Zs R0y

047 adiabatic prescription for particle production in curved spacetime
ny = (in|0np(x)|in) + Y (in|dnt)(x)nlin) + 6Z5 + 6 Z1 R ()
n=1

= (in|(x)|in) — (WK B, vac, ty|p)(x)|WK B, vac, t,)

0y + 0Z7R(x) + = finite related to particle production

373 o(x) = ¢ is equivalent to a shift in fermion mass; Taylor expand

Ay () = —i) /C - (dy) >~ (in|P{par ()N ()N (1) ar () Hin) conn

N.M
+07Z4 + 0Z8R(x),

674+ O07Z3R(x) + @ = finite related to particle production



Yukawa Induced Two-Point Function

(V) (V1) y 1)

(V)er = (D2)e(Vr)r(1+6Z1) 4 6Z9(02r) + Z3(02 )

+02402r + 045 + 02600 + 027 R+ 0Z3Roy
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Isocurvature 2-point function

5©) p o Lo = 0) _ ¥ (GY)
Jg s (0e) U <LT{>

((08)r2(08)ry) NLO = WIN [0 In 11y [2] [0 In 1|y (0 (5 40) O (7.20)))

intuition: light scalar’s quantum fluctuation modulate the fermion mass

renormalization condition of shift in fermion mass is important
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|socurvature-curvature cross correlation

Similar story as the zeta-mediation being weak:

diffeo Ward identity: ' — (1+ Nz

[ dt. [fﬁm ) ([dhe, T (2)]) = 0

l.e. uncorrelated type




Isocurvature 2-pt Comparison

2 2
tunable diff from axions Ay, Qx h? (o< wy)

T

fermion (in “ }‘4fn(r X (izl(tl)i;f(il))_u’E (m)g (lﬂgg}g / )

the computationally
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[1306.1966] »
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[e.g. ph/0606107] /

axions are |n|t|al condition sensitive

Fermions have different parametric relationship between A3 and x h? (o w)




Isocurvature 2-pt Comparison

2 2
tunable diff from axions A Qx h?*(ox wy)
i ) )" H? ( 1) k ¥ Ty, 2 Tri
fermion (in w2 (a(tl)H(tl)) (m) (109 e)

the computationally
Simple regime) my > NHing /27

[1306.1966] . .
2 HELLL ( k ) ] 7249702 n‘(mOMC\) (lm)J

axion a2 fY0p t1 ) H(t;) " Aqep Mg
QCD 1
le.g. ph/0606107] U /
axions are |n|t|al condition sensitive

Fermions have different parametric relationship between A3 and x h? (o w)

In the case of axion, isocurvature bound + all relic abundance from axion +
PQ broken during inflation + no symmetry restoration:

TGev (—2t )" < 1017 GeV
H[rlj;g{m Gel (mum)m f 107 Ge [e.g. 1303.5082,
10° GV (rlgey) £2107Gev 1403.4594]

BICEP 2 (in slow-roll inflation): H(t1) = 6 x 10'* GeV

4 [e.g.1403.4186,

—  f>M ini i |
f »i  minimal axions of this type looks ba 1403.4594]
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3-Point Function

BaBe®

Bs(p1,p2,p3) = )'tj'iﬂ-«‘g, ?]3( - ) [ﬂ\g(m)&g(pg) + 2 permr-_;]
"y

non-gaussianities are similar to the local type
cxs{)x,m-ﬁ_-,He,THH])g (Qﬁ_.hﬂ{mw,fﬁﬂj)“ (m.w,fﬂe)

Ixe ~ o ( 0.02 107 10-1

Can be observationally large in a corner of the parameter space.

Intuition for making it large: make inhomogeneity large but suppress
gravitational disturbance by making the energy density small.




Summary

* A “minimal” setup for observable fermion fluctuations during inflation:
 coupling to a non-conformal sector different from the inflaton
and graviton (Ward identity plays a role in establishing this)
« fermions are stable

» For a Yukawa coupling to a scalar mediating long range forces:

* the isocurvature spectral shape is similar to that of the axion
W
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* the dark matter abundance — isocurvature spectral phenomenology
Is different from that of the axion
* isocurvature — curvature cross correlation is small (Ward identity)
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» Large non-Gaussianities are possible and are of the local type

BaBa®



	Observing Inflationary Quantum Fluctuations of Fermionic Dark Matter
	Usual Story
	Usual Story
	Usual Story
	Usual Story
	Usual Story
	Usual Story
	Question
	Fermion Quantum Fluctuations During Inflation 
	Fermion Fluctuations Questions 
	Slide Number 11
	Slide Number 12
	Local Conformal Symmetry
	Local Conformal Symmetry
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32

