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Inflation

 |Inflation is a very attractive
solution to many cosmic
problems

« flatness, horizon, initial cond

« conformal/Weyl symmetry
* breaking uncertain yet
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Inflation

 |Inflation is a very attractive

solution to many cosmic

problems

« flatness, horizon, initial cond
« conformal/Weyl symmetry

* breaking uncertain yet

« Cosmological observal
now have entered a
precision era

e primordial GW
e power spectrum

In future 7 ~ 1073
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Dark Matter

200 —r————

* Dark Matter is challenging
our standard model in 100 |
particle physics .

« So far only evidence for
the gravitational interaction

 Extensions of Einstein’s GR
may give DM candidate

Symmetry determines interaction.

We propose a scenario based on Weyl symmetry,
= Inflation and Dark Matter.



Weyl Symmetry

Weyl symmetry was referred to
G (€) = gy () = 2P gy, (2)
Wy(z) — W,:(l') =W, (z) — 9,0()
First proposed by Weyl around 1919 in order to

unify general relativity and electromagnetic
interaction.

Later Weyl modified it to
Y(z) = ¢ (z) = Py (x) Op = O = igW
W (z) — W,; (z) = Wu(z) — 0,0(x) Gauge symmetry
To describe electron after qguantum mechanics.



Scale and Conformal

« Scale invariance
ot —= N\ v

Fractals
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Scale and Conformal

« Scale invariance
ot —= )\t
 Conformal invariance, in addition to above,
y Tt M2
ot —
1+ 20k, + V22

They will also induce field transformations, ¢(z) — F|¢(z)]

* Weyl symmetry is different from the above ones,
since coordinates do not change, only fields.

o(x) = Flo(z)]

Most people use Weyl/Conformal interchangeably. Ref. Y. Nakayama, 1302.0884
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Weyl Symmetry

* Terminology
« conformal ~ Weyl ~ scale/scaling

* Weyl symmetry has wide applications in physics
* Two-dimensional CFT—string theory

« Conformal gravity—unitarity and instability

1 Vpo 1 2 1% 1 vpo
§WWWW“ 8\ SRl N e §RMVPURM P

6
« Gauge theory of gravity
WU Yue-Liang, arXiv:1712.04537(EPJC)
arXiv:1506.01807(PRD)

 Particle Physics ......
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R2 Inflation
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—instein Gravity
* Einstein-Hilbert action,

S — /d%z B F[ My g _ A] Mi=

 Einstein frame scalars do not couple to R

------

= gt 31(6)0:60"6 =V (6)

------

--------------

Ly @R+ 200,000 - V(9

-------------
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Conformal Transformation

Jordan frame

%6] = C0O)R + 3 f(6)0,00"6 — V()

After conformal transformation
v (CE) = g,ul/ (.CI}) — I(¢)glﬂ/ (x)

_ 3 (®) = g(o)
R =1(¢) <R + 58“ InI(¢)0" In [(gb))
We are now in Einstein frame \V4
L IR ] _
= e My —
= = 3R+ 596)9u00"6 =V (9)

Canonical kinetic terms?
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Conformal Transformation

e With N sﬁcalar fields YT and Y.L Wu, 2106.04726(PRD)
| 1 | . |
_— = v —_— .. 12N J (2
= = [(9)R+ 56, V"¢ Vi V(¢"),
Juv = QQ(gj)ng, 92(37) = 2f(¢").

* Einstein frame

£ _l1x 1. cuue b o-4u(siy g — L
\/—_7 = §R — §ng/‘gb v,ugb] () V(qb ),gw = 2f ( ffzfj) .
 Canonical kinetic term flat field metric G;;, not

possible for N > 1 generally. But conformally flat

) a (o4 b)) ¥, ol i | 1 )
) G constant a + bt — l—ﬂ'fu A
aexp (h.o') 7= -
- Xab. b ‘.. L £Lr ._‘ . .
& — 3 et (1—pyz o7 1 Deed™ )t ' gl o 5 4 =& by — )
Fay Pes a ) . “a atlioh — S diPAA
S, +— 3ab.b, exp (b ™) . =1
5 - A | 1
e, = « x (p— 2V b.5y5 w | — =T —
ix (7 — 20 Bhyhe | t\ & Jefs 2!. fe S5 i ;.)
2, 6
T § — ) J . — —




Conformal Transformation

e \With N scalar fields YT and Y.L Wu, 2106.04726(PRD)

7= = T@R+ 56, V"6'V,¢7 — V(9.

Juv = QQ(x)g/w» Qz(x) N Qf(gbz)
 Einstein frame
1

L 1~ 1 /. - . , 3
T i §gijv“¢zvﬂ¢ﬂ — Q7 ("), G5 = 57 (57;1 + }fz'fj> .
 Canonical kinetic term flat field metric G;;, not

possible for N > 1 generally. But conformally flat

« Conformal flatness is always possible in the
case of f(R) gravity with multiple scalars, due to
the additional scalar degree of freedom.
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R2 Gravity

Starobinsky Inflation Starobinsky, Phys. Lett. B91, 99 (1980).
L 1 Qo
—— =_-R+ —R*
/P BT
Equivalent to Whitt Phys, Lt 1488, 176 (1984).
L 1 o) o
_ i (A i 2) R .4
J—g 2 ( e 12X
X an auxiliary scalar field
0L
— =0= X2 S\
0X

Equivalence can be shown by using EoM
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R2 Gravity

« Starobinsky Inflation Starobinsky, Phys. Lett. B91, 99 (1980).

1

vV — Y
. Stelle, Gen. Rel. Grav. 9, 353 (1978).
° Equwalent to Whitt, Phys. Lett. 145B, 176 (1984).

L 1
. (1 -+ gXQ) R — gxél Jordan frame

v—g 2 3 12

« Conformal transformation

9 (@) = G (@) = (14 5X°) g ()

1— 1 —
- iR + §Q(X)8/LX8MX _ V(X) Einstein frame

£
V=7
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R2 Gravity

« Starobinsky Inflation Starobinsky, Phys. Lett. B91, 99 (1980).

1

vV — Y
. Stelle, Gen. Rel. Grav. 9, 353 (1978).
° Equwalent to Whitt, Phys. Lett. 145B, 176 (1984).

L 1 Qo
—_— — — 1 - Q)R__ ordaan trrame
o2 (5 B
e After conformal transformation
L 1 1

_ S 3 | 2
_— —_ ’LL _ _— — — N J—
N 2R—|— 5 wooto —V(o), V(o) o 1 — exp( \/;0)

Einstein frame

o =0 (x)
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Starobinsky Inflation

- — 2 —1/
 Potential (V@) V)
2 2\ V(o) )~ V(o)
V(o) = > |1 -
(0) = 4o |7 exp(— §J) ns =1 — 6€+ 2n,r = 16¢
| 2 12
ng~1——, r~—
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R2 Gravity

» Starobinsky Inflation

L 2
';75?5 — __}2_+-]j2]%

* Global scaling symmetry if EH action is absent
G (%) = G (2) = f29u(x) = L[g] = L[7]

* But not local symmetry

Ju (7)) = g (T) = €7 g (1)
Wi(z) = W, (z) = Wy(z) — 9,0(z)

20(x)
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Wey!l R? Inflation

o Covariant derivative YT, Y.L.Wu, arXiv:2006.02811
8,ug,00 7 (&u + QW/L) Jpo (4+2 metric
—1 scalar
D'U“ - 8’“ ™ qW'u A2 —% fermion
 The modified connection 0 vector

e, = I;Z,/J—F W68 +W,00 — WPg,|,
F;pu/ — §9'0 (QuQJV T 8V9/w - &IQMV) )
 And the modified Ricci tensor and scalar R
FA{cpf,uI/ :AﬁﬂrgVA N aVF’coka + FZTF;—'V o FﬁTF;u,
R,, =R’ R=¢g°"R,,

opr
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Warm-up

First consider the Wey R gravity

1
L=+\—g 2R+ CD“¢DM¢—4 3 F, P — \¢*

It is mvarlant under scaling transformation

Guv — g:u/ — f2g,u1/

Wy—=W,=W,—-0,Inf T =T% RF =R D¢ =fD,o
6= ¢ =["¢

One can write in a familiar form by using

6
R=R+6W,WH+6V,WH V, WHF=—20, (V—gW")

=50
¢*R = ¢’ R — 60,¢00"$ + 6D, D" ¢

When W, is absent = %ﬁ (¢°R — 60,00" )
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Warm-up

First consider the Weyl R gravity

L= F[ O°R + CD“¢DM¢—412 EF F* — A¢4]

Einstein frame is set by ¢* = 1due to Weyl symmetry

1 1 1
L=+/—g [5 ~ A= o Fu P 4 2 (C+6) WMW“]
gw

Massive W, with discrete symmetry, might be a
dark matter candidate.

However, inflation is not implemented and other
extension is needed.

22



Weyl R? Inflation

YT, Y.L.Wu, arXiv:2006.02811

* Now let us consider Ghilencea, arXiv:1906.11572
Ferreira et al,arXiv:1906.03415

L=/— [ 2R+ R2+ CD“ngM(b— gWFWF“” )\cb4]

« Similarly introduce an auxiliary field X

1 1

V7 |5 (84 5x7) R— Soxt + 50D 0D, — o FusF™ — A6
2 12 492,

* The equivalence can be shown with i—i —0=> x> =R

. Fix to Einstein frame > + %XQ —1

C 1 1 1 3 2
= = - % _ pv o _ 2 (1 — 42)° — \o?
Ner SR+ S (D"¢Dyé 4g%VFWF + 3WHEW, 4a( ¢?)" — A
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Continued

. We can comblqe the Weyl boson term
—(D“¢DM¢+3W’“”W 5 [(6 + ¢o*) WHW,, — CWHO,¢°] + C8“¢0ﬂ¢

1 6¢

1 2
(6+Cj¢)[ aln(6+g¢)] +§6+<¢2

--------------------------------

"0

--------------------------------

E _l B 1 — = l N ToMT SC _i B 22_ 4
\/—__g—QR 49‘2/[/FWF“ +2(6+g¢)w W, + 3 qua%aﬂqs - (1—¢%)" — A
i'd_a_i 6¢ P =/ smh\iﬁ, for ¢ >0
E‘dqb_ 6 + (¢? § ¢:w/6COSh:\|:/(Z, for { <0 :
o finally T
L 1 1 - - 1 3 2
_ = o ja% - 7 Y 2 . 4
—\/__9_2}2 4gngM,,F +2(6+C¢)W W, + a 00,0 - (1—¢%)" — A
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Analytic Limit

* \We have seen

L 1 1 - - 1 __ /A 3 3
75 B g TP 4 ) W 0 00— 4o (1= ) -0
°* an

a d d_O' "y 6C (—00 :|:\/6
dg 6+¢02 T ¢

oo s
* So the potential is approximated as

V(o) = % f&= eXp(—\/ga)

. same as the one in Starobinsky_model

26



General Case

* If the Lagrangian has the following form

L 1 - 1 1 vy
= iF(Rv ¢)+ iCD’%Dm - %FMVFM AQ™.
* One can similarly get

L 1 A 1 1
T =5 [FO0)+ B (.0) (R = X) [ 4 500" 0D — o Fu ™ = A9

where F;, denotes the derivative of F(R, ¢) over R and F(x?,¢) = F(R = x?,$). One may

check that the equation of motion for y still gives y* — R.

» We can set to Einstein frame by F (x*,¢) =1
* The potential now is

V() =~ [F(x* ¢) = X’ Fg (x*, 0)] /2 + Ao

27



General Case

* If the Lagrangian has the following form
Lo 1 . 1 N vy
== §F(R, b)+ (D" ¢ Dy 7 F,, FH — \p?.
* One can similarly get
L 1 ~ 1 1
o= = [FOC0)+ Fr (0¢6) (R =) |+ 56D 0046 = £ Fun ™ = 2!
* For example )
- _2p ,  Ypna P o3
F(R,¢) = ¢"R+ <R+ 6¢QR .
* The potential is

- 5 o a/3+/a?/9+28(1—¢2)/¢% ,
V(¢):€X4+@X6+)\¢4. X° = [3% o2/ 7 ( )/ o2,

28
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Dark Matter

Starobinsky Inflation with Weyl Symmetry and DM
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« Lagrangian
L 1 L
N Z > ($7R — 60,6:0"6:) + 5 ;gDM@D% -

Weyl| gauge boson as

Dark Matter

1

V() — FFMVFND

W

- At first sight, we have linear term of W,

2L), = Z [Gi0u:0" $i — W0 (Ci07) + Cidf W, W]

1=1

=
= (WMW“ - ) + Zcz 0, pi0" i

[0, In =] +Z<z 0,,$:0" ;

Zo symmetry, W, — —W,

| 2
= (Wu — 58“ In E) — -2 x (0¥ In 5)2 + ZCZ'({?M(%@“@

Stable !

30



Weyl gauge boson as Dark Matter
Lagrangian with R?
55 = AR e R 5 S D Dt — g =V (01)

w

We can show

£ 1 1 JA. "5 (6+ZIC1¢%>_ M
1 1
+ 557 ST 6 g Cr0,¢r10" o1 — IE;AJCICngIQbJaMQbIanbJ —V(¢r)

The gauge transformatlon Wy =W~ 504l <6+Z<I¢I>
Again, we have

Zy symmetry, W, — —W , Stable !
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Production

» IV, couples gravitationally and to all scalars ¢; with
gauge coupling .

* The simplest way is through gravitational production
* Vacuum fluctuation (expanding universe)

Qu ~ Oy X il « HoY
W= D 6 x 10-11GeV 1013GeV

Graham, Mardon, Rajendran,1504.02102(PRD)
Ema, Nakayama, YT, 1903.10973(JHEP)
Ema, Nakayama, YT, 1804.07471(JHEP)...

» Gravitational Scattering

YT&Y.-L. Wu, 1604.04701(PLB), 1708.05138(PLB)
Garny, Sandora, Sloth, 1511.03278(PRL)
Garny,Palessandro, Sandora, Sloth, 1709.09688(JCAP)
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—FT 1n

Cinstein’s Gravity

Einstein-Hilbert action

S:/£d4x, L= F[

« EFT for E<<M,

Lint — ghuyT’LW, K X ——

L,
167TGR i ]

Justified after inflation

M,y

Energy-Momentum Tensor
TE = —n9*S19,S + n**m%StS + 0" S19” S + ¥ STorS,

Al _ 1— 1—
TE = — ' (FiF — mpFF) + 5waa'/F + §FW6WF

2
1

1 (LE B o, - (Eeee, — v

, 1
T =

G F Fog — FPOFY

+ lnl’l’yaa (FZ’YQF) S iaﬂ (FZ’YVF) — i@” (FZ’)/'“F) ,

1

Non-minimal coupling
CSTSR — 2¢(0"0Y —

" 0,0%)S18S
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Annihilation Processes

* Boltzmann Equation

d (nXa3) B an

i

a3dt _W+3HRX:<OU>
» Neglect nx, reduced to [ yield Y = nx/s )
d(nxa®)  ¢°T ) \/5 dY - neq<gv>
aAdt 32w4/d”ﬁ(8_4m b (T>LdlnT ~  H
° The core . I\gai.ilzsélsslimit
5 Y ‘pf| A Tang & Wu, 1604.04701

~ 327 (Sg2) |7i]

Dil = /52 /4 —m?, |py| = \/s? /4~ M?
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e Scalar

A(S — 5)

A(F — 5)

AV — 5)

Ay —5)

Various Contributions

YT&Y.-L. Wu, 1604.04701(PLB), 1708.05138(PLB)

TmAM*  m2M?2
3052 30s
2

1y 2772 4y, 5 (2 2y 4 5
+4O(m +4m>M +M)+120(m +M)+24O,

7 4M4 2M2
m m (M? — 4m?)

1552 60s

1
o (2M 43w’ M7 - 3m*) —
101m* M4 m2M? 5 5
T 302 ~ 10s (llﬂl TN )

1 4 27 72 AN s

+ 150 (19M* + 76m*M?* + 49m*) 0
1 2 2
120 (s = 407"

82

4M2— 2 2

2

2 2 s
(ﬂZ %—Ad')-+ 20’
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Various Contributions

Fermion s
AF - F) = F2 (m? + M?),
1;0 (8m* — 3m2M? + 8M*) — 1;0 (m2 + M?) + %
47 r4 2 2
AV = F)=— 1011?52]\4 + mﬂf (4402 — m?)
—~ % (19M* — 19m*M? — 26m*) — 710 (7TM? +52m?) +
A(y— F) = B (s —4M?) (3s +8M?),
* Vector
AV = V) :298§$2M4 \ 293;78?\42 (m? + M)
+ ﬁ (257m* + 1188m*M?* + 257M*) — 1—708 (m? + M?) +
Ay = V) = 11230 (s — 400)°,
82
ALy =7 =15

1352
480’

2952
240’
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Gravitational Scattering

* Relic density

1016

Tl'ﬂ] IIIIII[I] IIIIII[I] IIIII[H] IIIIII[I] IIIIII[I] IIIIII[I] IIIIII[I] IIIIIIﬂL IIIIII[I]I IIIIII[I]I IIIIII[I]I lllllﬂl] T TTTI
— scalar —

---. fermion

*
‘i

i]TIIIIIIlI] IIIIIIIJJ IIIIIlIJ] IIIIIIlI] IIIIIIlI] IIIIIIlI] IIIIIIIJJ IIIIIlIJ] IIIl1’I’L|’] IIIIIIlI] IIIIIIlI] IIIIILIJJ IIIEI]]
10% 106 102 109 10" 10 1076
mx[GeV]
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Scalar Annihilations

Special contribution
O+ > W, +W,

Dominated by the longitudinal
model

gw E’ E” |
ag ~ = B
E2m}, (64 ()M 7|
Similar behavior as the
gravitational scattering 3 10
Valid up to Planck scale i

1073

Maximal mass

mw ~~ D X 1016G6V L

4012

107°F

l l I

l

-

l H10|3L 1‘1.:)14

1078
mw([GeV]

1078

40]7
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Summary

The universe is almost scaling invariant during
inflation, however how this symmetry is broken is
still uncertain.

In Starobinsky model, global scaling symmetry is
broken by the Einstein-Hilbert action.

With gauge scaling symmetry, Weyl R? is different
from the Starobinsky model, as a deformation.
Weyl gauge boson WM has a Z> symmetry, and is

a dark matter candidate through gravitational
production.
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Thanks for your attention.
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