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Geometric preliminaries

* Fundamental object: non-metricity tensor Qx.. = Vagur = g — L2000 — TP 20900

* Irreducible pieces: Qi = GuW + Dy
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M. Adak et al. ’06, J. B. Jiménez et al.

Symmetric teleparallel (ST) gravity

« —1ya ¢ A
« Notorsion: 7*,, =1",, -I",,=0. — P = (A7) 0uA%,
. o __ « ‘ « re 1-\,(3 re Fﬁ _ « 83’.@ Y 9 A
* No curvature: R ppyv — 8,ur vp oI pup T Bl vp — vBL T pup = 0 ‘ I pr @8;18;/5
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Canrelate R7 ., = ke ppr — VL7 1+ ‘\2/'”[/cr vp — L7 2Ly + L jn L ), =0

Coincident gauge =t = T%,=0 = V,=0,

Einstein-Hilbert action becomes “Einstein action”; diff-invariance lost.
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2 fOrmUIatiOnS Of GR J. B. Jiménez et al. ‘19

* Riemannian GR: Curvature  R®, = ﬁ“pw # 0 7%, =0 Qaxpw = 0
A'ffz)l 4 : .
S=—- | dav/—gR ) 10 - 2x4 = 2 propagating d.o.f
Mgy [
« STEGR: Non-metricity SNewerGR = —— [ "2/ =g Q
éuli(‘i,?)lently Q1 = WHw, \ - @ = CJQMUQQILU + CQQ(}:“V . ;L{l.u + CSC\),U.CL)“ + C4©,u@” +c5 C:),u Q‘u
cou e
expressed in Q2 = A A"
terms of
Q3 = W, A" 1 1 1 1 ..
cL=—-, Co=——, 3=—, c4=0, 5= Non-metricity scalar
Qél - *Q'a,uu*ﬂa'm/ . 4 r 2 2 J 3 4 ' 1 J > 2 ‘ y

\_ Qs = o™ ) R=-0Q+ %M(@u —Q"):=—-Q+ Bo wmp Equivalent up to boundary terms




ST HorndesKki - conditions

* Euler-Lagrange (EL) equations for all the fields (9u»:I*.,®) at most second order

=) No Ostrogradsky ghosts

* Lagrangian is parity preserving mmp useful to define Q" = 7*7Q% ,
* Invariants at most quadric in the non-metricity Q»,..,

* Max. # of d.o.f. = 11 (easy to see in coincident gauge)



Covariantization & variations

* Covariantization prescription: v — Guv
o — V,

* In ST-geometry: in principle other prescription possible: 7w — guv
d, —+ V,

=) Matter couples non-minimally

e Variation w.r.t. the metric, the scalar field and the flat connection

* 2 ways of ST extensions:
a) Dependence of (; functionson (), (1° order derivatives)

b) Derivative terms VQQ/\W in Lagrangian (2" order derivatives)



ST Horndeski - scheme Up to 20 Up to Lst

(Dimensionfull) derivatives in ¢ derivatives in Q
* General schematic form: / coefficients l
L; = Z [CNqb,NQ,nJ Z [Agf:ﬂcbaf\rcgﬂ GBNC;,—TL—TTL(G@)TL (vvm)m [QQNQ—I (@Q)l}
Ny Ngo=>0 m,r, >0
Ng>n>0 | mA4-2r1=i—2 I |
Non-metricity Curvature
building blocks: Q= (W* A", ¢, «Q*") associated to LC-

conn.

« 2" order EL eqgs. not guaranteed yet

» Full Lagrangian: L => ¢L;
1=2



ST Horndeski - special cases

Invariants
quadratic in

¢ Q Only: L = Z CNQ QNQ = f({Q}) Q ‘ L :f(Q* Qla QQ:' QS" Q4)

No>0
Ny =0

i=2

 Riemannian Horndeski: L:= >  Cu,. > Ao gNo—n—m gg\n (G 4)m RT
Ny>Zn=0 m,r =0

NQ — 0 _’m—I—Z’r:@—Z

2<i1<5




L,- systematic construction (no HD)

Ng
* Generalform: Lo= > > cn,ngm @™ "(00)" QN = Ly(. 09, {Q}) Q = (WH, AP, g Qo)
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Ly = Lo+ Lo_grelc = Ga(p, X) + Gs1(Q, Q1,Q2,Q3,Qu. 0. X, Iy, 1o, J1, Jo, I3, Ju., 5, S, 7, s, Jo, J10, J11, J12)



L;- systematic construction (HD)

General form: L= Z CNy.Nom Z A«E:; quz) Ng) G)Ncb—n—m(a@)n (VV(D)m ONe—! (@Q)l

Ny No>0 m, >0
Ng4y>n=>0 _’m—i—lzl i
. o n,Ng,No=0 n— n
No=0 Ly=Li(Ng=0) = 3 Cnpwg-on [A75 N o771 (00)" (VV0)]
Ny>0
Ng>n=>0
— G0, X) O, =) Riemannian KGB
= T n,Ng,N n— n n,Ne . NQ=1)  \Ng—n/a \n
No=1 LaNg=1) = Y Onpwg-1 |Ai ™07 oMo =100)" (VV6) @+ A7y VMo (09)" (VQ)
Ny>0
Ng>n=>0

=y {ég‘”(@,){)@a + Ey (¢, X)O, ] . =) 2 types of contractions;
¢ not independent.



L;- systematic construction (HD)

« All possible contractions linear in Q and VvV ¢ with increasing factors of V¢ :

Oy = P+ Quv” Dop = 40w .

@2 = OHQu Y DO = %Om + Ow1,

O3 = $.0Qpu" VOV = ‘;LJOWQ ; Owr = W, o,

@4 = O.aQust ﬁaﬁﬁ@ = EOAQ + Owa , Owy = I-']["'ragﬁ;ﬁg ﬁaﬁﬁ b,

05 = G Qaps VOV = Owa + iom + %Om + éom +Og1 Ows = I"]["prf):'#‘.?:’afifﬁ VaVso,
Op = OHQuas Vevie = Ow1 + Opo — lom - 1@m + 041, where On = A“(:,),“ Enl(p 8,

~ o . 34 s Ora = Aaps VIV 0,

Or = PH O G Quua U = —-2X Ow; — §X Oa1 + Oy, Opz = A o+ *pP VaVso.
Os=  oHoVdQupP V. Vad  =40ws. Oqr = #Qupud* VoVFo,

Og = ols @w@:aQﬁpﬁ Vovgﬁc@ = %Om + Ows., Oa2 = *Qaﬁgﬁj;:t@;f@;y ﬁ“ﬁ”@ :
Op=  ¢* OV FQu’ VaVsd = Ows— X Ons + 1(93\3 + 1(’392 + O3, Oat = dapy @j“V.C"VfS@m,

D | 4 6 | Og2 = gapp 95"“95"1@5”8 Lo,

On= eV, VaVsod = —2X Owo+ O+ %X Or2 — %OQQ + Ogs . Qg3 = qapp 6P, ﬁpﬁy@'ﬁr

i Ops = o gb;“gb;a;b;ﬁé;pqﬁ;g ﬁpﬁng)-

o = . 3 ..
O12 = @"”‘i”v@’a@’p@’g(g#va vaor(f’ = —2X Ows — 5}( Oa3 + Oga



L;- systematic construction (HD)

5 Combinations that lead to 2" order EL-egs:

1) = G (6, X)(0s — O1) = 268" (6, X) bralP g [VOVPH - 6000 |

LY = GY(6.X)(04 — O5) = G (6, X) (gapp — T uatns — I uagan) {é;p}?“ aVPVEH — ot ﬁaﬁ'ﬁfﬁ} -
L) = (6, X)(05 = 02) = G (0, X)6™ (gusa — Dapgrs — Daggun) [VVI6 = 6200 |

Ly = G§Y(6,X)(O10 — Og) = G52(6, X) 6™ (guppe — T uwving — T upin) [67677 — 679V Va6,
LY = GP(6,X)(On = 0r) = G (6, X)67 6 (G — T wing = Thupgin) |60 Va Vg — 6706 |

!

Pairwise compensation
(1) (1), (1),
~ - L. = (Owz2 — Ow1)G5 (¢, X) == OG5 (0, X)),
Os and O,, do not appear ) ( 103 (8, X) = ” | 22) |
Ly = (501\1 + Opo — 40q1) 0 (o, ) = 0203 ((D, X) \
3(On2 = Oa1) + 001 )G (6, X) = 0365 (6, X)),
Can rewrite in basis of irreducible pieces ==

r

L(%4) = (3X OAz - OAl) + 2(‘301\3 + Oqg) GOQ%)G )(O X) O/lG(%’i) ((’) X) :
( V(0. X) = 05696, X).

3X OAz + OAl) + 2(‘301\3 0 ) 0{22)0



L;- systematic construction (HD)

Total Lagrangian:

Lstka = R+ Lz + i:’% + Z L;(ga)

a=1
= R+ Ga(6, X) — Gs(o, X)0op + O1GL (6, X) + 0269 (6, X) + 05GP (0, X)
+0,G (0, X) + 056G (6, X)

Recipe to go to higher orderinQ, e.g. N, =2 = tedious

Also could go to higheri, e.g. i = 4 expectterms like Q(VV¢)*, (VV)VQ

Potentially more general dependency on non-metricity-invariants in the generic functions.
=) N arbitrary



Cosmology: flat FLRW

 Consider: Lsr—porm = Z L; + Gsr(Q;, 0, X, I;, J;) + Lstkan
i1

» Ensure metric and connection respect the same symmetries: Killing vector fields Z: where ¢ = {1, ...m}

Solve  (£z.9), =0 (Lz. 1) 0 =0

!

ds? = —N()2dt? + a(t)?(dr? + r2d¥? + r?sin® 9dp?)

Guv = —Nuny + "y, ny = (=N,0,0,0)

Qp,uv — QFI"?E-p"TE-p"?E-V + QFQ'n-ph,uv + QEEhp(pnv) F;, = Fg(t) ‘ [ 3 branches } and 'Q/\uv =0




Conclusion

Formulated scheme for potential extensions of Horndeski interactions in ST gravity

Constructed the most general L,

Constructed an extension belonging to L; classup to Ng = 1

Future directions could include:
* Check ct = 1 constraints
* Cosmological perturbations; strong coupling in f(Q) around one branch in cosmology
* Scalarized BHs

« Radiative stability



Thank you!



