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Greneralized “Galileon’-like models.
Nowadays we have high precision data from
cosmological observations and we can test models,
Anisotropic and parity breaking signatures during
the primordial inflationary expansion and in the
large scale structure (LSS) formation process.
Testing non minimal couplings with gravity during

inflation and LSS.
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Definitions, notation and formalities?

Totally antisymmetric rank p tensors in D-dim manifold M .

|
A p_form L sl > A(p) i —A dx/’tl /\ ce s /\ dx/’tp

p! (P)uitn -y
' 3 (p) labels the rank of the
A(P)M1“°Mp =) 'A(p)[ﬂl‘“ﬂp] antisymmetric tensor
B 5 [..] = (1/p!)x(Antisymmetric Perms.)

Wedge product A —> Totally antisymmetric tensor product.
EX. dx#1 A dx*2 = dxt ® a2 — dxe ® d

Exterior product. In general, any two (r) and (gq)-forms generate a
(r+q)-form: i
A AN By = (=DTBy AAg,.

! See e.9. M. Nakahara, Geometry, Topology and Physics, (ro03).



Definitions, notation and formalities?

Associated with A,), two forms can be defined:

1. Field strength. Provides dynamics to A,

|
p' V[ﬂl

2. Hodge dual. Establishes an isomorphism QM) — QP7(M).

i A BTN - A dxD
’(D p)' Ml ‘Hpt1°*Vp—p (p)

(p+1)-form F, =dA,) = A A -+ A dxctor

A(p)ﬂ2ﬂ3"':up+1]

(D-p)-form * A, =

€ L Totally antisymmetric Volume element

M1 HD Levi-Civita tensor g \/jgdx1 D

1 See e.q. M. Nakahara, &eame&rv, Topatagv and ‘Phjsics, (Ro03),



Fileld
s&rev\g&k o F(P)/hﬂz "Hp+1 (p 12 l)a[mA(P)MzM:s“'ﬂpH] ;

Hodge 7 V5 ol 5

g i > F(p)VI-..UD_p | | /’tl ,up+1V1 VD—p 1 (p)
dual (p+1)!
!
Exterior r (bt
product > o) A St = T RO )

1. A scalar field ¢

Fleld |
oLy e a
o Y strength > ﬂ¢
2. D-form. Non dynamical. Proportional to the volume element.
Fleld
Dform ——> Ap\/—gep.pdx! A - AdxP it

strength



1 G&uge vAavartanee: A(P)Ml'"ﬂp — A(P)M‘“Mp 0[M1§(p_1)ﬂz...ﬂp] :

2. Covariant derivatives in the field strength
become ordinary derivatives due to total
antisymmetry (torsion free): V, — 0,.

3. Minimal coupling with graviby, In 1st order
derivative theories, there is no need to inkroduce
non-minimal coupling to gravity. Only needed in
higher than two derivatives p-form Gralileons.



“Vanishing/Neutralization” of the cosmological constant with 3-
forms: Duncan & Jensen NPB336 (1990), Bousso and Polchinski, JHEP
o6 (Roo0),

3-form/psudoscalar mixing: “natural framework” for chaotic
inflation and string theory landscape: Kaloper & Sorbo, PRD79
(R009), PRL102 (R009).

“P-nlation”. Inflation with "massive p-~forms” with non minimal
tou@ai.ihgs ko gro\v:',&:}: Grermani & Kehagias, ICAP 0903 (2009),
Koivisto, Mota & Piktrou, JHEP 0909 (2009),

. Inflation & DE from 3-forms: Koivisto & Nunes, PLBE%S (2010),
PRDFO (R009).

p-form Galileons: Deffayet, Deser & Esposito-Farese, PRDF2 (2010).
Amisoﬁroyw yrimcrdm{ signatures: Ohashi, Soda & Tsujfikawa, PRDE?7
(Ro13), ICAP 1312 (R013).

Anisotropic inflation: Ito & Soda. PRDIR (2016).

Cosma»iog:; A Blanchi s?o\t&&mes: Normani, Hervilk, Ricciardone &
Thorsrud, CQRG38, Thorsrud CRG35 (201%).




General Lagrangians tnvolving 1st and 2nd order derivatives
of a scalar field

g — J'deﬂal"'an+1:61"':Bn+1(aan_l_l][)(aﬁm_lﬂ)(aalﬂlﬂ)...(aanﬁn][)

d“1"'amﬁ1°"ﬁm 5 1 6051"‘%01"‘UD—mgﬁr”ﬁm
(D —n)! T
ay-ap — _ slisiy . skpl
Sl — 51 52 51)

The particular structure of those terms produce up to 2nd
order e.om, C. ‘De.ﬁave.&, G Esposito-Farese and A, Vikman, PRD 79
(R009) 0g 4003 [arXiv:0901,1314 ], C., ‘De{{ave& S. Deser and . Esyosi&am
Farese, PRD 0 (R009) 064018 [arXiv:0906,1967]



Gralileon qeneralization of electromagunetism and a ho-qo
theorem

Z = Jde‘Q[alma"Hﬁl"ﬂ"“(F ma) Fp,p) 00 Fpp N OpFy g, )

Assuming a gauge and Lorentz Unvariant theory, this kind of
generalization prociu,te the same equations of motion of
ordinary electromagnetism derived from the action:

1 D
Fp=—— | dPxF*F
4 "

C. Deffayet, E. Gumrikgouglu , S. Mukohyama Y. and Wang”,
JHEPo4(2014)0%2, hep-th [arXiv 1312.6690].



A general Lagrangian with coupled p-forms.

L =Ly K)+ Ly A) with K=0,p0p.

Not so general. Some s&mpti{:;;i%g restrictions,

1. Gauge invariance, “Massless” p-forms.

2. Up to 1st order derivatives of the p-forms. No
Gralileows,

Minimal coupling to gravity. Standard gravity,
4. Up to quadratic terms in the field strength of
each p-form.

Abelian fields.

[

W



The p-form interacting Lagrangian Z,(4,A)

Mixing of p-forms:

‘S/pmix 0 gpl"‘Pr(¢)X(P1) b X(Pr)

(p,+1)~+-(p+1)=D.

cH1° " "PD

\/—78 X(P1)/41“‘/4p1+1

Where X, =F, or X,=F,.

= 8p,-p @) X (p,

):upr+l “*Up’

8 ..p (D) —> General aeupti;ng functions of ¢.

In principle, the couplings can c{epenc& on K=0,00'¢p.
Hamilkonian unbounded btj below'

gpl---pr(gb’ Ky Fleury, IPBA, Pitrou and Uzamn,
ICAPL411 (2014).



Standard kinetic terms (Maxwell-like):

1
N 2
F(p)/\*F(p) = (p+1)! \V, _gF(p)’

o LH’\ F2 F(p)ﬂlﬂz- - -ﬂp+1,

Pl F(P)ﬂlﬂz My

(n) (m) — Pl i1 T Pn2e - -Hpsi
" F F ==k (P)pH3-- up+1F (n)1 T (m)+ e

Xip) N NS

) T L i
1 F F F F(P)Mlﬂz -UD— (p+1)F(n)1 i +1F(m§ i +1’




Further possible mixing terms.

PE 0,00, = PF7°0,40,40,¢ = 0> brivially zero

Cubic terms are zero —~» FOEGF =0
(in the Abeliawn case)

lead to mom“hvperbaiw
(0, PF ) (0peh (1),) or (0 ¢F(1))(6ﬁ¢ <1>v -> (gradient instability)
equatiohs of motion!
Fleury, JPBA, Pitrou and Uzan,
ICAPLI411 (2014)
Not considered here.

d ; e, |
¢ 1) (2)ﬁ7 ete 7 Th@.j are sus!ﬁiﬁwus!



General Lagrangian

Teos
Z piiE 5 an(qb)F (m) N\ *F m) T Z gplpz---pr(¢)X(p1) A X(p»’

il (P1p2+Py)
LA
g (n+1)! i 2 Spips-p P pp A == A X
= : (P1P2Pr)

(p1Py+*P,) —> AlL posible combinations of F and *F



Topologic —» Mebric independent. For quantum metric
independence, see Blau & Thompson PLBRSS (1991).
D=2p+1.

Gauge ihvariant
only if £ is constant

Secs = |App Ay = | @A AF, —>

D:Z(p-r-l).

Dynamical i

1 |
Sop=——|F AF == Fopy A =3
CP 2J ) N s Jf (@) A (p) =P f s field dependent

Blau & Thompson, PLB22¥ (19%9), Horowikz, CMP125 (19%9)

S¢BF — f(¢)A(p) A F(D—p—l) O\L&QT’MO\EE«VQL& f(¢)A(D—p—1) A F(p)



We have 1.2, and 3-forms. 4-form is non dynamical.

1,2,3-forms

| |
e u g Z Z L Z U Z
Ay = Ay, dx, Ag = 2A(2)m,42dx LAdX,  Ag = 6A(3)”1ﬂzﬂ3dx PA dxf2 A dxfs.

Fileld strengths

F(l)ﬂlﬂz T 2a[M1A(1)ﬂz]’ F(z)//l1/42/43 = Ba[ﬂlA(z)ﬂzﬂﬂ’ F(3)/41ﬂ2/43/44 e 4a[ﬂ1A(3)ﬂzﬂ3ﬂ4] :

Hodge duals

7 k) H3py

vV 8
M2ﬂ3ﬂ4,

F(l)m,uz F X €ﬂ1ﬂ2ﬂ3ﬂ4F(1) . F(Z)m T 31 Cnpopaug® (2)
7 g T i Mo s
Poy=ray Campi @



o o f1@) e ) s b e

Lp @ A)s — = Fapgtan T G0 T s )
The cmbj passibta imdapendem& conkractions:
ol 81(¢) ~ 82(¢) 5 %
mixing o uils Pity _

Ly @A) == =l () S TG, T ST )
Okher possibm combinakions:
F g s i (L e Foy " F o By e Bl o), Fyuu, = O
Py Vst o e L Hoy e Ba ), 0 " ooy, By, =0

\/ \/
Airaaa&v ncluded Id@m%iﬁ:&iiv zero!



Ji(P) (D) H(P)
£ (@ LI At e et N T O
4 12 48
81(P) ~ g(P) : «
G0 Naiaa N L
L& AP o, @D s@) - e 2)(¢) .
i ‘52 PERIELL ST ) T Fwut O S Ay, 1)
n=1 : 71 : A
Dont break o
parity! (two epsilons) Brealks i phy s i

pariitsj braaksi@xg
but ik is a&&uo\uyj
Pm’%v
conserving

par&%v!
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Dyt 1)

Foyuut @)

H1k)

Hi1K2

—

Ratra, AJ391(1992); Yokoyama & Soda,
JCAPogog(200%); Watanabe, Kanno and Soda,
PRL102(2009); Dimopoulos, Karciauskas & Wagstaff
PLBE¥ 3(R010); Bartolo, Matarrese, Peloso &
Ricciardone, PRD¥F7(2013); Shiraishi, Komaksu, Peloso
& Barnaby, ICAP1305(2013); Abolhasani, Emami,
Firouz jace & Firouzjohi, ICAP130%(2013), ...

Anber & Sorbo, PRD¥1(2010), PRD¥FS(R0O1R);
Dimopoulos & Karciauskas, IHEPo6(2012); Sorbo
ICAP1106(2011); Caprini & Sorbo,
JCAPL410(2014); Rartolo, Matarrese, Peloso &
Shiraishi, ICAP1807(R018); IPRA, Motoa-
Manzano & Valenzuela-Toledo, ICAP1711(2017),



H(P) ittty oy OnSHE, Soda & Tsujikawa, ICAPL312(2013),
4 G PRDE7(2013), Ito & Soda, PRDI2(2015).

QF (3) ——>  Kaloper and Sorbo, PRD79(2009), PRL102(2009).

Massive p-forms.

IMtiudLMS ~ Germani & Kehagias, ICAP 0903 (2009), Koivisto,

vl e Mota & Pikrou, JHEP 0909 (2009),
non minimal

«cc}uptimss

Mo ssive 3m§orms —=t  Koivisto & Nunes, PLB&¥S (2010), PRD¥ o (2009),



1-form generalization

ol ),
F/m e F(a)ﬂa g a[’u AI(/C]Z) i fabc [ Afl ), AQC)]

Maleknejad &
Sheikh-Jabbari PLB723(2013); Adshead & Wyman, PRL1OF (2012)
(Tr[FOFO)? and  ¢Tr[FF @]

Malelnejad, PRDIO(2014), ICAPL612(R016). "Gaugid
inflation”, Piazza, Pirtskhalava, Rattazzi, Simon, ICAP1711(2017).

f;leF(a),uaF(b)aﬂF(C)'Bﬂ QMd ]Ca L CF(a),uaF(b )a 'BF(C),B/“"
Nieto &

Rodriquez MPLA31(R016); Adshead, Martinee, Sfalkianakis & Wyman,
JHEP1R(2016).



Inkroduce bthe notkation:

Ay = Ay Fooy = By Mgy CE

V' (H@F,, + &(@)F,, + &:B,,) = 0.

25 80

2 1404

V' (A®H,u.) 4

Plus the Blanchi identities — VA FW =0, VFH, =0



Dynamic degrees of freedom and gauge symmetry,

AO — B()i = () W Their btime derivative dont appear
i the Lagrangian.,

aiAi == alBl] = a]Bl] oy O e G&MSQ. choice,

3 propaga&ivxg d.of: S {A.B.)
2 (1~form) + 1 (2-form) Ny



|
Q : e S S

P &)
A"”_VzA"Jrfl f1

(92=0):
The uncoupled svsﬁﬁm q

fi 1 g
/2 9) ) B.=0.
LR b B

fr a

A= V?A; +




1. Allen, Bowick & Lahirt, “Topotogicai. mass generation in dimensions,” MPLAG (1991).
2. Dwvali, Jackiw & PL, “Topotogi,cat mass genheration in dimensions,” PRLIG (R006),

A curious and interesting feature.

i & Eu Formal & o el ! [ a
. <fz(¢) ””“) 2 Al Solution g 32, B)H
- HP) -
s o VH 81(9) A\ = m?2
—3 V[PV, V,+ V= Buap VIOV ) = mH )V,
gy = B
of, \}/

T e "d4x\/7 [fi(gb)W W,Ml/ W gl(¢)Wlﬂ/Wlm/ 15 2m2(¢)VﬂVM]

Not variant under V, -V +9¢

Skill tvariant under H,— H,+0,¢



A&erna&iveij

| . .
FHY — [ j2 Formal etk Vi—A 1gv
32, Vi@ Solukion 7 K k& P
: m?
gauge choice V V A/ = 7 ov.
]
0" o 2
A, — R A fl(vﬂAy—vyAﬂ) DSl N " A = O
fi fi fi
|

Proca field with kinekic Caupti&xgs in a curved background!

A wmechanism different from Higqgs mechanism!
Alternative to Higqsed Grauge-flation and Chromo-Natural inflation.,



L gy =~ —5 PP — V() Fy — 8(@)F 3.

To have well d@fmed variations of general field confiqurations, we need a
boundary term!

Browi ahd Teitelboim, Phys. Lett. B195 (19%7) 177 and Nucl. Phys. B297 (19%%)
7%7; Duncan and Jemsen, Nucl. Phys. B336 (1990) 100; Duff, Phys. Lelt. B226
(19%9) 3¢.

B ;
ggbA@) = _a ¢aﬂ¢ V(¢) 18 (3) g3(¢)F(3)
) M1ﬂ2ﬂ3ﬂ4
BOMV\C&&\‘:) &erm =7 +a//tl ( f3F(3))4'\/— (3) o pisfiy
g
<f3(¢)F(3),m/aﬂ T g3(¢)\/ =5 yaﬁ> ¢ o ‘/,¢ 48 F(3) g3,¢F(3) = O



\VZ (f3(¢)F(3),uvaﬂ 5 g3(¢)\/_§ ,uvaﬂ)

c — g3(p)
A

Trivial in absence of coupling functions (§3= const. and g3=z0)!

Foaywap = XN/~ 8€qp  —=3 X(xh ) —

Plugqging back in the scalar Lagrangian and using

|
Z PApy T Ea,ﬁbaﬂ ¢ — Veff(¢),
(C g 83(45))2

with —> V() = V() @)

The scalar field “eats” the 3-form!



\V/L (f3(¢)F(3)ﬂmﬁ =+ 83(¢)\/78 vaﬁ)

Dynamic degrees of freedom and gauge symmetry,

Y A(3)ijk° Gauge choice —> A(3)Oij i VkA(3)Oik =

Aayie = Agyin T Vs

“Shift” (gauqge)
sjmmeﬁrv

\ 4

Aiyiik = Ay T DXy

@i A o gX(xM)epix = Ay  ©F i gX(x%) = dpA3) -



oo () fo(52)

(c = &)
T = — (Vo) — Vi - |
Equation of state parameter —> w3 = — 1.

Applications to inflakion and DE!




$12= =7 | 4%y/=8 [AOW W + g (D)W, W +2m* )V, V"]

Equivalent to a massive 1-form theory

r k: 1 '
Sos = — |d*x/~¢ 50M¢3” ¢+ Voy(@)

Equivalent to a scalar theory with an effective potential

Sp & Sgb = Z u d4x\/_7g [fl(gb)WﬂyWMy i gl(gb)WﬂyWﬂy iz 2m2(¢)VﬂVM]

Equivalent to a massive 1-form model with ¢ dependent couplings



This is a kind of no-qo theorem which states:

Dont try to find more general pm‘form Like “"Gralileon”
models th 4D, you will fail. The most general that you
would get is a massive vector theory

L. Heisenberqg & G, Trenkler, ICAP 05 (2020) 019 e-Prink: 190%,0932% fhep%h]
Sff = ¢"P%c™ 3. B, 0 By, H?

oo u-vp-a

L3 = "% 0 B 0. B, CHERE | )

S = eﬂyp"eaﬂyaaﬂBapdyBﬁ}, —> New kind of inkeraction
Where

2, = "% o Boso e 0 BRI BB, "B

oo - ap-v v ua


https://arxiv.org/abs/1908.09328
https://arxiv.org/abs/1908.09328

New itnkeraction bterm

Z, ='e"P%e% 9. B 0,8, = B"0 BB, 0°B*

IPBA, A. Gruariizo, L. Heisenberq, C. Valenzuela-Toledoand 3. Zosso: ‘Phjs.
Rev. D 102, 063521 (Roze), arXivik003,11736 [hép*&hl Using the solution of
the t:oupi.ed 1+2-forms system:

|
) = — = H?

e 1
B AF= B = RS » "

This new interaction term is a combination of B™F and H™2
terms!



A uhiqu,e non minimal Couptihgl

oKO

1
e = [—gLP ¥ B, B sasihere M4 Ze/“fpf’eofﬁ'<51'ep

So, the full Lagrangian for massive 2-forms non mininmally
coupled to gravity becomes

2
Frorms — cucia <.(B,H,H) +yL**B B
N : e / puv=ap

1 L. Heisenberqg & G, Trenkler, JCAP 05 (2020) 019 e-Print: 190%.,0932% {hevak]


https://arxiv.org/abs/1908.09328
https://arxiv.org/abs/1908.09328

The wost general version of the model discussed here is

equivalent to a massive vector model with fleld dependent

tou.gzi.ihgs.

Topological generation of mass mechanism resulks interesting
for cosmological applications. New anisotropic solutions during
DE domination and during inflation.

Topologic terms Like F¥F acquire hoh trivial dynamics when
coupled to a scalar field. Parity breaking signatures come from
term Like F'F and nothing else. Signatures can be traced in
gravitational waves,

Non minimal coupled 2-form offers interesting possibilities. It is

worth to do further analysis and applications of this model.



