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KBFl « NI vs Planck 2018 data
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* NI dates back to the 90's (Freese et al., PRL65, 3233)
® inflaton ¢ is a PNGB (i.e. ALP) with

- naturally (A —0) flat V(¢) = A* [1 INeos (%)]
- naturally protected against radiative corrections

® NI became disfavored after Planck Legacy data
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KBFI « NI vs Planck 2018 data »

0.20

TT,TE,EE+lowE+lensing
TT,TE,EE-+owE+lensing
- Biis
TT,TE EE+lowE+lensing
- B 5i15+BAO
I~ I Natural inflation
2
s Hilltop quartic model
- a attractors
kS — - Power-law inflation
5 = = R? inflation
g - — V¢
2 Y
g = Vxo¢
5
= —_—V x6??
s — Low scale SB SUSY
o N.=50
@ N.=60
8 .
= 0.94 0.96 0.98 1.00

Primordial tilt (1)

* NI became strongly disfavored after BICEP /Keck 2018 data
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KBFI « NI vs Planck 2018 data »
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* NI became strongly disfavored after BICEP /Keck 2018 data

® several proposals to save it by modifying gravity:

® &[1+cos(¢)]R — OK only at 20 (Ferreira et al. 1806.05511)
£¢"R — OK only at 20 (Bostan, 2209.02434; dos Santos et al., 2312.12286)
Palatini R2 — OK! but (9¢)* (Antoniadis et al., 1812.00847 )

probably more?

0.00
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MAG: spacetime described by (e.g. Koivisto & al 0509422,1903.06830):

® the metric tensor: g,

e the affine connection: Agﬁ

Antonio Racioppi Istanbul, September 4th, 2024 Natural Metric-Affine Inflation



MAG: spacetime described by (e.g. Koivisto & al 0509422,1903.06830):

® the metric tensor: g, — distance

e the affine connection: Agﬁ
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KBF « Gravity preliminaries «

MAG: spacetime described by (e.g. Koivisto & al 0509422,1903.06830):

® the metric tensor: g, — distance

® the affine connection: Agﬁ — parallel transport

1 . . .
ra,uu = Ega)\(g)\l/,,u + 8y~ guy’)\) (LEVI—CIVIta)

A% =T+ KO + L%, K-T,L->Q

T

o v

R
o

} Qapw

curvature non-metricity torsion
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MAG: spacetime described by (e.g. Koivisto & al 0509422,1903.06830):

® the metric tensor: g, — distance

® the affine connection: Agﬁ — parallel transport
If Einstein (minimal) theory of gravity:
1

M = 58" (@awiu + gur ~ unr) - (Levi-Civita)

‘Aa/w = ra/w +%+%

curvature non- fcity
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KBF « Gravity preliminaries «

MAG: spacetime described by (e.g. Koivisto & al 0509422,1903.06830):

® the metric tensor: g, — distance

® the affine connection: Ag\[ﬁ — parallel transport
If non-minimal theory of gravity:

1 . . .
ra;w = Ega)‘(g,\,w + 8y — g,m,\) (Levi-Civita)

A% =T, + K%, + L%, unless K=0,L =0 by hand

T
} Qapw

curvature non-metricity torsion
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KBFI « Yang-Mills vs. Gravity analogy «

NICPB

Yang-Mills Gravity

N.B. Slide not completely exact but close enough @
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Yang-Mills Gravity
gauge field strength:
Fj,, = DA, — DAL + gf ik Al Ak

® kinetic term: Fl"wF"’W

dual field strength:

Cipy _  pvpo £
F =€ Fpg

ALP-gauge coupling:
a(¢) Fu, FH

N.B. Slide not completely exact but close enough @
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KBFI « Yang-Mills vs. Gravity analogy «

NICPB
Yang-Mills Gravity
- gauge field strength: - Riemann tensor
F,, = OAl, - AL + gf K Al Ak Fur® 5 =0 A 5 = Op Ao + AL A G = AP A,
* kinetic term: F;’LVFI 2 ® curvature term: R = .7-",“, =

)\

dual field strength:
Einv _ eul/pcr/:/;'g - | Holst invariant: R = \/_ge“””"pra

only other invariant linear in F,,,”,

ALP-gauge coupling: e “ALP-gravity” coupling:
a(¢) Fy, FH B(¢) R

‘ N.B. Slide not completely exact but close enough @
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KBFIl « MAG NI action o

NICPB
® starting Jordan frame action with Q. , Tw|* 0
L QupoH
sw= [ d/ B[R + BR - 2L v(g)]
V(p)=A* [1 + cos (?)]
M2 . M2
B(Qb) = /B() + Tpé- (1 + COS (%)) 4_6z —> Barbero-Irmizzi par.
M2
a(g)= TP > 0 < most minimal - not 100% OK
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KEF' e MAG NI action e
NICPB

® starting Jordan frame action with Q. , Tw|* 0

0 0"

Swi= [ '/ [a(@)Ry + BORs - = v(9)]

V(g) = A* [1 + cos (?)]
B(p)= Bo + MTgf(l +cos (?)) 4M—; > Barbero-Irmizzi par,

F;
a(p)= 2’23 + A/2”23§(1 +cos(f)) >0

® no other terms — most general minimal setup without

- new physical dof’s in addition to h,.,, ¢
- (064)* terms
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KBF' e MAG NI action e
NICPB 77 1 o~ oo

® starting Jordan frame action with Q,,., Tofw 0

O 0”9

Swi= [ d'xv/mg | a()R, + B8Ry -

V()

® it is possible to integrate out the R term

® obtain an equivalent theory with Qu,, #0, T4, =0

12(a/B+af')*] 9up ¢
NI:fd4X\/—gJ|:QRJ—|:1+ a((fy2+4aﬁ2) :| o > T

® the effect of T¢,, # 0 is moved to the inflaton kinetic term
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KBF' e MAG NI action e
NICPB 77 1 o~ oo

* starting Jordan frame action with Qn;,, #0, 79, =0

12(0/6+oaﬁ')2 0up oo v
a(a? +452) 2 T

SNI = / d4X\/—gJ |:OZRJ b [1 +
* move to the Einstein frame so that Quw = 79, =0

M2 0 x O*
Sui= [ d'x —gE[fRE—%— U(X)]
dx _ 1 12(a’B+aB’)?
{ = ’V’P\/% |1+ ey

Vv
U0 = Mb e

* the former effects of Quyu, T, # 0 are now moved to (0x)?

* N.B. symmetry: 3—>-3 = |£>0, 50%0
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KBF' e MAG NI action e
NICPB 77 1 o~ oo

® starting Jordan frame action with @, # 0, T‘;‘W =0

12(/ B + )2 ] 0, 040
NI:/d4X\/—_gj|:QRJ—|:1+ (35&2+4?B2)) :| H > —V]

® move to the Einstein frame so that Qu. = T‘;‘w =0

M3 Aux 0"
Sui= [ d* —gE[fRE R 2 S L )]

24 M2 ()2
we start % = 1+ W
Wt &0 1 U(x) = V(8(x))

* the former effects of Quyu, T, # 0 are now moved to (0x)?

* N.B. symmetry: 3—>-3 = |£>0, 50%0
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@FBH ¢ £-0&E>0& By<0 o

£€=0 Bo=-2M}) Ne=60 6&r=Ff/Mp n=A/Mp
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@FBH ¢ £-0&E>0& By<0 o

£€=0 Bo=-4M} Ne=60 6&r=Ff/Mp n=A/Mp
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@FBH ¢ £-0&E>0& By<0 o
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KBFl ¢ c-08& é>0& <00

NICPB

€=0 Bo=-6M> N.=60 ns~097 6=Ff/Mp Jpn=A/Mp

m r=4
| (5{210
— MAG

® X=XN

® inflection point inflation!!!

d>U(x) _ @i(@dU(qﬁ)

a2 dxdo\dx do ) =0 < possible thanks to 5(¢)R
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KBFl ¢ c-08& é>0& <00

NICPB

€=0 Bo=-6M> N.=60 ns~097 6=Ff/Mp Jpn=A/Mp

m =4
: | (5{210
10~} -
upy 19 ]
M \ ~ — MAG
\ S -l
! ° X=xn
10—10,
~20 210 0 10
(X—Xnex)/Mp

® inflection point inflation!!!

PU() do d ( do dU(9)

a2 dxdo\dx do ) =0 « possible thanks to 5(¢)R
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KBFI .§>0&5>O: low f S Mp e

NICPB

® agreement with data = f,\/|8| > Mp
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KBFI .§>0&5>O: low f S Mp e

NICPB

® agreement with data = f,\/|8| > Mp

* |8 > M3 still OK as long as U < M}
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KBFI .§>0&5>O: low f S Mp e

NICPB

® agreement with data = f,\/|8| > Mp

* |8 > M2 still OK as long as U < Mj < A;~2.2x107°
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rKu%EI ¢ >0 &E>0: low F < Mp e

® agreement with data = f,\/|8| > Mp
* |B| > M2 still OK as long as U < M} < A; ~2.2x107°

® > Mp more difficult when looking for a UV-completion
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rKu%EI ¢ >0 &E>0: low F < Mp e

® agreement with data = f,\/|8| > Mp

|8 > M3 still OK as long as U < Mp < A; ~2.2x107°

f > Mp more difficult when looking for a UV-completion

solution: £€>0
o> M,% still OK as long as U < Mf; <= As~22x107°
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@KBFI of>0&5>0: |0Wf§M,D0
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KBFI .§>0&5>O: low f S Mp e

NICPB

Bo=-10M3 Ne=60 &r=Ff/Mp 6pn=NA/Mp

m 5 =107
8r =107
0.003 m or=1
0.002f
: - £=0
a, 0.001]
’ — £=1/3
o
00010\ 12 Te——e—4p—ob S 1T VS s
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e ¢>0&E>0= f < Mp allowed!!!
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KBFI + Summary & Conclusions «

® NI strongly disfavored after Planck+-BICEP 2018 data

e MAG & allow for torsion

- new nmc: B(¢)R
- predictions compatible with data at 1o
- but f > Mp

® Add an additional nmc: a(¢)R

- predictions compatible with data at 1o
- f< Mp
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Grazie! - Thank you! - Aitah!

Antonio Racioppi Istanbul, September 4th, 2024 Natural Metric-Affine Inflation



BACKUP SLIDES
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KBFI « palatini NI action
NICPB

Sni

[ dxv@[ator - 2222 v(y)]
V(g) = /\4[1+cos($)]

o)

R — curvature from generic A,°,
R — curvature from Levi-Civita ',

a(9)

. notation: {

® Einstein frame: gfl, = F(d))gjl, , F= % [N.B. Palatini = R, = F Re

5NI

M2 8, x O
f d*x\/~ge [PRE - M - U(x)]

EF\2
% s ”F(q& =9\ 224(; F) like in metric

RN
V0 = Eetn)
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@ [!(BFI e Palatini results o
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KEF' e MAG NI action e
NICPB

Ou 0"
2

Sni = f d*x\/~g; [a(¢)RJ +B(p)Ry -

a(e) = MTE’ + M7’2’§(1 +cos($)) >0 V(g)=A* [1+cos($)]

B(¢)= Bo + MT%f(l + cos (%)) % = |Barberalrmizzi [par.

-v(9)]
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KBFIl « MAG NI action o

NICPB
Su= [ dx/B[al@)R+B@ORs - 2228 - v(5)]
() = Mj’% + M7’2°§(1 +cos($)) S0 V() =M [1 +cos($)]
B s Me(1reos(2) M i

® no other terms — minimal setup without

- new physical dof’s in addition to h,.,, ¢
- (064)* terms
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%KBFI e MAG NI action e
NICPB

u¢8

Svi= [ dx/Ei|a(@)Rs+BOR, - V()]

a(qﬁ)_% M’% (1+cos($))>0 V(¢)=/\4[1+cos(%)]

2
B(¢)= Bo + MT"%E(l + cos (%)) 2%: — Barbero-Irmizzi par.

no other terms — minimal setup without
- new physical dof’s in addition to h,.,, ¢
- (064)* terms

it is possible to integrate out the R term
obtain an equivalent torsion-less theory with A%, =%, + K%,
performing all the computations ...

12(/B+af)?] 8, 0"¢
a(a? +43?) 2

SNI = / d4x\/—_gJ[aRJ - [1+

_V]

® the effect of the torsion is moved to the inflaton kinetic term
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ﬁ%gl e MAG NI action: Einstein frame o

! 7\2
e [ drvrmloma- [ BE R | A ]

R — curvature from generic A,°,

®  notation: Y
{ R — curvature from Levi-Civita I,/

* Einstein frame: gf, = F(¢)gp, . F = 1 [N.B. MAG = R, = FRe|

/dx@[MPR axax ~U(x )] J,

d 12(o/ 3 2 3(F\ .. .
Tz = MP\J = [1 %] <+~ no > (F) like in metric
V(e(x))

VI = Bt

SNI

* N.B.symmetry: B—>-8 = |£>0, B % 0
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KBFI . Jordan

frame potential e

NICPB
U(¢)

Stationary

points: $2 =7f

¢3 = farccos(

Antonio Racioppi

1=¢

Istanbul, September 4th, 2024

V() = A* (1+cos(@))
[1+§(1+cos($))]2
— £=0
. pe<ekl
- - £>%
1 s

Use(¢2) = ’%3 - (absolute) min

|

£<
&>

NA

max

AM@a-2¢)
8f2¢

=) Uso(3) =

[SIEE NI

Natural Metric-Affine Inflation



KBF1 « Inflationary observables «

NICPB
® SR parameters M2 (U i
U//
weo = M
U Ul//
&) = ’\/’4%@
® observables
1 AU
Ne =
MP ‘/);end dX U’(X)
r = 16ey(xn)
ns = 1+2nu(xn) - 6eu(xn)
as=dns/dInk = 16€U(XN)77U(XN)*24E%/(XN)*in(XN)
A - 1 Ulw)

2412 M} eu(xn)
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@ KBFI « palatini results: ¢ <0 «
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KBFI « Palatini: o vs. n, s

NIC
Ne=60 &r=f/Mp 0p=NA/Mp m )r=4
0.003 0.003 =4
0.002 0.002 m 0r=8
0.001 0.001 m dr=10
a 0 a; 0.000
o . —
-0.001 -0.001 or =12
-0.002 -0.002 m dr=14
0.98 0o 986 o5 10 15 20 25 m )r=16
3
quadratic
W natural
W rvsns
Qs VS Ns
by Planck

Antonio Racioppi Istanbul, September 4th, 2024 Natural Metric-Affine Inflation



KBFl e c-0& &0 oo
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%!&B@EI e MAG £=0: asvs. ns e

Qs

§ =
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@KBH e >0&E>00

£=1/3 Bo=-2M} N.=60 & =Ff/Mp 6n=A/Mp
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KBFI « mAG £=1/3: as vs. n; e

NICPB

€=1/3 Bo=-2M3 N.=60 &r=Ff/Mp 06pr=NA/Mp
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P KBFI « inflaton mode! completion «

dark QCD (SU(3)r) with confinement scale f
§ mass terms break the axial part of SU(3)r

Lunass = GMq = § exp(-insB/(V2f) ) Mg exp(-irs B/ (V2F) )&

where §; are the Goldstone-free quark fields §' = exp(ivsB/(\/2f))d
tilde-mesons as PNGBs

2 7 ek o+
\/§+\T/‘g 07'( ] K
— ~+ _\f 7 0
B=| (") VARV K

i SO0t 2.0
ROT (RO /%
the lightest acts as the inflaton

natural inflation potential arising from the § mass terms

® minimal couplings §'s with gravity = minimal couplings of ¢ with gravity

GJGR, §J R = aR, AR

Antonio Racioppi Istanbul, September 4th, 2024 Natural Metric-Affine Inflation
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