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Introduction and motivation

Colored gravity?

Photon

- Yang-Mills: “coloured photon” selt-interacting, non-linear
gauge symmetry

Graviton

NO QO results:
90 TSt Cutler and Wald;

Boulanger, Henneaux, and Damour
(including ways to circumvent them)
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Introduction and motivation

- agrees with Coleman-Mandula, Weinberg th,..

- 3D gravity: no-propagating d.o.f. (hence, no need for S-
matrix)

- for that reason 3D color gravity exists
- Proposals for coloured gravity in 3D

- Boulanger, Gualtieri; Gwak, Joung, Mkrtchyan, Rey;
Gomis, Jong, Kleinschmidt, Mkrtchyan
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Introduction and motivation

Main results:

requiring local conformal invariance vyields extremely
simple theory

There is a new kind of gauge invariance mixing
spacetime and internal symmetries

Ingredients Guv Riemannian spacetime metric

auf r so(N) gauge field
I N-colored spin-2 fields (symmetric and
" traceless)
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Metric formulation




Metric formulation

2 2
I = / d>xetrP [F“M@,,FAW + grffwréﬁr% — 57D, 51p0 +4a"’ (dau + gaff am>]
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Metric formulation

Conformal gravity in 3d

v o 2 o T
I = / dPxe? T7,0,17, + =9, 7,

5L _S£09y81p0—|—4alj <dCLIJ—|—
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Metric formulation

COﬂforma| gravi-ty in Sd I CO|OF fle|dS:
a,” jis so(N) gauge

A T I o IJ
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Metric formulation

- Color fields:
Conformal gravity in 3d aMIJ s so(N) gauge field

2
— SZLJ@,/SIpU + 4a'’ <da1J + galfaKJ

N spin-2 fields of color |, minimally coupled to gravity,
and so(N) gauge field
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Metric formulation

- Color fields:
Conformal gravity in 3d aMIJ s so(N) gauge field

3

2
4 sfba@ysfpg + 4/ <dCLIJ + —alfaKJ>]

N spin-2 fields of color |, minimally coupled to gravity,
and so(N) gauge field

Full covariant derivative
I I I I I
D,V =0,V —Tr VIt + e WV ol Vel
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Metric formulation

- Color fields:
Conformal gravity in 3d aMIJ s so(N) gauge field

2

— sﬁ“@ysma + 40"’ <da1J + galfaKJ)]

N spin-2 fields of color |, minimally coupled to gravity,
and so(N) gauge field

Full covariant derivative
@MVVaI _ a’uVVaI o FZVVPICL 4+ eabcwauCI + ClIJVVaJ
v.V, =9,V, =0,V, — FZVVp
D,V =9,V* =8,V + €% ", V°
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Metric formulation

By varying the action, we obtain the equations of motion
(eom) for the fields

For the eom is thelCotton tensorjand tensor

made from s/,

MY — THY

- Cotton tensor has a standard definition

1
O = "7V y(Ry" — 7 R3,")
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Metric formulation

Stress-energy tensor, is given in terms of field s,

IS symmetric, divergenless and traceless on shell

THY —= 9 {eo‘ﬁaslgﬁ‘ggsﬁ + Py (S?&SHBI/))}

1
Fom for the field ®uv is

G’uy(avMS[ VB) = (
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Metric formulation

By setting N=1 and using the eom for s;,,,, C** = T*" wil

equal the equation in Pope et al, and Grigoriev et al

+ ep"(“VpSI”)ASMJ + ep“(“sI”)pV)\S;‘g = (

- We have an additional eom for the color gauge bosons,
where the contribution beside from the Chern-Simons
part, comes from the covariant derivative
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Metric formulation

3rd eom:

1J 1J kl kl
7= F 4+ 0ty — Ouvauij + 77 QuiiGuky — T GuliQuk;

FI7,, =4s"" Ty field strength

sourced by the dual of the conserved current (on-shell)
A AUV
Jry =4 sh s,

@)\JI)\J — O
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Symmetries
No propagating d.o.f.s because of the gauge invariances
Gauge invariances:

diffeomorphisms  §& = L.

‘| local conformal transformations

2 _
Guv — QG OnGuv = 2Y9uv
1 1 I I
S,Lu/ — QS,LW 5’Ys,ul/ — ,Vs,ul/ ;
1J
CLIJ%CLIJ 5761 ,LL:O
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Symmetries

so(N) infinitesimal gauge transformations

09, =0, 5SIW — —vljsi,j

5aIJu =Dy =0y + aILu76 —a
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New gauge transformation:

It acts on the metric as;: I

57719/w — _27718,1“/

It acts on the fields S,IW and %1 7 In the very non-trivial way:

i 1 1
0,18 = — D (uPr) — ggw@p@p + R, — gguvR n'

1
J \ J| A
+''s /\]msu)u) - 59“”77[13/\][)5Jp

Op1 a‘]KM = (@ps[pla T 252“@,077‘]]
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New gauge transformation:

It acts on the metric as;: I

57719/w — _277]S,LW

It acts on the fields Sﬂy and %1 7 In the very non-trivial way:

reminiscent of gauge symmetry of partially massless gravitons
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Symmetries

-+ The algebra mixes internal gauge transformations with
spacetime symmetries (diffeomorphisms and conformal
transformations) in a non-trivial way

- I: diffeomorphisms + conformal transformations +
so(N)gauge transformation

-+ (G: new gauge transformations
T, T ~T
T, G| ~G
G,G| ~T

lva Lovrekovic, TU Wien, Conformally colored gravity in 3D
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Symmetries

[52“7 5§K: Juv = ,LW )
05 0csc) G = GR)9uw »
[57717 6€J- Juv = ‘CX“glw -+ 279;“/ ;

[5’7KL76§J] Juv = C@gw/ ;

— _Zpap’SK )

_chK 9
1

VX"
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Symmetries

02150 | Guv = )9 - The form (possibly its

0nes Ot | G = Gy generalised version) is
_ : 1

004 0¢,) 9w = Lxuguw + 279, , Keptiorthe tields a,

d s! with the
— 5 M 1Y _I_ UV an et '
R v parameters defined as
[5’7KL76§J] Juv — C@gw/ ;

— _Zpap’SK )

_chK 9
1

SVMX“,
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Symmetries

02150 | Guv = )9 - The form (possibly its
0nes Ot | G = Gy generalised version) is
_ : 1
004 0¢,) 9w = Lxuguw + 279, , Keptiorthe tields a,

d s! with the
— 5 M Y _I_ Vs an ot :
R v parameters defined as

— _Zpap’SK )

Possibly algebra —Ye§K

closes on shell, and _}vu Xn
requires auxiliary
fields (checking)

3
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Chern-Simons formulation

In the Chern-Simons formulation we recover eom and
gauge transformations

+This explains that our action has no propagating d.o.f.s,
since It can result from the topological action

I[A] = £/<AdA+ §A3> ,

Requirements for this are integrating out the fields, and
suitable gauge fixing
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Chern-Simons formulation

- Additional fields:

- some of them are auxiliary (algebraic) and have eom
and others are dynamical and can be consistently
gauged away

- CS for s0(3,2)
[Horne-Witten]

sO(N+3,2)

lva Lovrekovic, TU Wien, Conformally colored gravity in 3D
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Chern-Simons formulation

so(N+3,2) in the suitable basis so that the CS connection

reads
1

A = Cdae]a -+ G?P; — §ClZ]TZJ
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Chern-Simons formulation

- s0(N+3,2) in the suitable basis so that the CS connection
reads

sO(N+1,1)

colored translations
(non-Abelian)

lva Lovrekovic, TU Wien, Conformally colored gravity in 3D
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Chern-Simons formulation

We can single out Poincare translations + special
conformal transformations

U[ — T]_|_
Vi=17_ P, =Pf
K, =P
1
A=wJ, +e"P, + f°K, + s¢P! —bD —u;T' " — o T — 5aUT”
l, | dynamical, |
auxiliary auxiliary

gauged away
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Chern-Simons formulation

- The gauge transformations ~ 6A = dn + [A, ]

gauge parameter, so(N+3,2)-valued zero form

el 1

N = thb + ,ObeJr + O'be_ + )\I}Pbl + D + ITIjL + CITI_ — §VIJTIJ ;
conformal x
Lorentz so(N)

new gauge transformation

Remaining parameters are fixed by the independent ones
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Chern-Simons formulation

. The field equations are F = dA + A2 = 0

- We recover eom and gauge transformations from the

metric formulation

lva Lovrekovic, TU Wien, Conformally colored gravity in 3D
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Colored black hole

Example:

Eom for the metric allows for the solution, which Is
asymptotically (A)dS or locally flat

ds® = —f(r)dt* + f(r) " tdr? + r2de~

i , i
ccos( i | 900>+C
r

F(r) =

- We have four independent constants

lva Lovrekovic, TU Wien, Conformally colored gravity in 3D
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Colored black hole

- The field s which allows for this solution is symmetric and
traceless, and it has one non-vanishing component

O

S, dxtdr’ = dr? — r? f(r)do?
M @ = ()i
0 0 O
st, =0 f2(7“) 0 1 O
" 0 0 —1

- traceless

lva Lovrekovic, TU Wien, Conformally colored gravity in 3D
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Colored black hole

There Is an outer horizon, and due to periodicity of cos
we can have Iinfinite number of inner horizons

(n) i > 0
rp(n) =
" + arccos (—C/c) — ¢g + 2mn

complicated causal structure
flr) - /

/\ x’*x, / d

2 3 4 5 6 r

lva Lovrekovic, TU Wien, Conformally colored gravity in 3D
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Colored black hole

Hawking temperature is the same for all horizons

The bound saturates at the
extremal case: 1T=0

=)

INfinite number of
extremal horizons
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Colored black hole

- Ricci scalar is singular at the origin, r=0 (null singularity)

8 2 dco? 2
R =-6C 0 sin (—O + 900> + ( 0(27 66) COS (—O + 900>
r r

(A (A

-+ Open issue: full thermodynamics (TD)

-+ The global charges and TD can be obtained from the
asymptotic behaviour already studied in our earlier paper
2501.00439 Enhanced conformal BM Ss Symmetries
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Summary

In the metric formalism we have spin-2 fields minimally

coupled to metric and so(N) fields

- We have a new type of gauge symmetry mixing of
spacetime and internal symmetries (not a supersymmetry

and not a higher spin symmetry)

-+ Since it admits a CS formulation the algebra closes off

shell

't has an intriguing BH solution with infinite num
inner horizons, all of the same temperature. Solu

ner of
lon 1S Not

conformally flat, it is asymptotically (A)dS or local

lva Lovrekovic, TU Wien, Conformally colored gravity in 3D
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Thank you for your attention!
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Chern-Simons formulation

dw® = Dt® — 2¢,,p.e%0” — 26abcfapb — 2€abCSCIL)\bI :

be® = Dp® 4+ bp® + %y — 5461 — ul X% 4 €¥Cet, |

6f% = Do —bo® — oy — v X% — 53¢ + €2 fit.

08¢ = DG + fUr 4 €% + 8%y +vrp® + uro® + €“Csyrt,

0b=—dy+u'(r —v' & —2e%0q + 21y

our = =D& — bér +ury + u yrr — 25%9pa + 2% Aar

dvr = —DCr +bCr — vy + v yir — 28504 + 2 Nar
oary = Oyrg vy —vs&r +urCy — ugCr — 287 Aag + 287 Aar
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Chern-Simons formulation

dw® = Dt® — 2¢,,p.e%0” — 26abcf"’pb — 2€abCSCIL)\bI :

be® = Dp® 4+ bp® + %y — 5461 — ul X% 4 €¥Cet, |

6f% = Do —bo® — oy — v X% — 53¢ + €2 fit.

08¢ = DG + fUr 4 €% + 8%y +vrp® + uro® + €“Csyrt,

0b=—dy+u'(r —v' & —2e%0q + 21y

our = =D& — bér +ury + u yrr — 25%9pa + 2% Aar

dvr = —DCr +bCr — vy + v yir — 28504 + 2 Nar
oary = Dyrg +vr€y — vy +urCy — ugCr — 287 ag + 285 Aar

Fields b,ur and s’#, can be consistently gauged away
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Chern-Simons formulation

dw? = Dt* — 2€4p0%0° — 2€0pe FOP° — 260,563?)\“ ,
be® = Dp® + ey — 531 + et |
51 = Do® — [y — vIX§ — 3¢ + € fyt,
55§ = DAY + fU&r + e*Cr + 4y + vrp® + €sprte
0=—dy—v'& —2e%0q +2f%pa ,
0= - — 257pa +2e“Nar
dvr = =D — vy + v vk — 28%04 + 2 Nar
oary = Dyry +vi€y — vy — 287 Aag + 255 Aar
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Chern-Simons formulation

dw? = Dt* — 2€4p0%0° — 2€0pe FOP° — 260,563?)\“ ,
be® = Dp® + ey — 531 + et |
3£ = Do — foy —vIXG — s§CT + e fyt
0sF = DA} + f&1 + eCr + 57T + v1p® + € sprte , —> (g
0=—dy—v'& —2e"0, +2f%py, — 0,
0= - —287pg +2"Na1ry,  —— N\, 7
dvr = =D — vy + v vk — 28%04 + 2 Nar
oary = Dyry +vi€y — vy — 287 Aag + 255 Aar
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Chern-Simons formulation

dw® = Dt* — 2eqpce®0” — 2€qpe fOp° — 2€apeSTA”
bet = D ey — sl 4 et —y
6f% = Do® — o —vI X% — s%¢! + €2 fiut,.
55§ = DN} + f€r + €e(r + 4y +vip® + € Psprte , —» (r 08k,
0=—dy—v'é — 204 +2f%ps, — 04
0= - —287pg +2"Na1ry,  —— N\, 7
dvr = —DCr — vy + v YR — 25704 +2f%Nar
oary = Dyry +vi€y — vy — 287 Aag + 255 Aar \

l (8% (8% (8% (8%
0ijn = Duvij — 5 (Da%) usi — Dasi) ufi) +S@yuPali = 5Gulai
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Chern-Simons formulation

dw® = Dt* — 2¢,p.e%0" — 2€abcfa,0b 2€4beST
be? = Dp® + e~y — s2&l + ebeut, —— 109 = 279 — 23(£)u)§f
0f* = Do® = foy —v' Af — s7¢" + € fyle , —» consistent
05§ = DA + f4&r + € + 57T +vrp® + € sprte , —> (1,85,
0=—dy—v'é — 204 +2f%ps, — 04
0= - —287pg +2"Na1ry,  —— N\, 7

5?1[ — —@CI —Vry + UK”YKI — 256}%, + 2fa)\a,l , ==  consistent
oary =Ovrg +v1€5 —v5&1r — 285 Aqg + 255 Aar \

l (8% (8% (8% (8%
0ijn = Duvij — 5 (Da%) usi — Dasi) ufi) +S@yuPali = 5Gulai
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Chern-Simons formulation

. The field equations are F = dA + A2 = 0

F* = R% — 2¢%%¢¢, f. — eabcsb_rsg ,
T =T,
T* = Df% —v's%
Tr = 9Os7 +vre”
Fy o = —2e"fq,
Fry = —2s5e, ,
Fr_ =®v; — 257 fq4 ,

a
Fry=JFr;— 287545,
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Chern-Simons formulation

. The field equations are F = dA + A2 = 0

F* = R% — 2¢%%¢¢, f. — eabcsb_;sg ,
T =T%, — forsionis zero
T* = Df% —v's%

Tr = 9Os7 +vre”
F,_ =-2e"f,, — ) =0
Fry = —2steq, —> S{W/] =0
Fr_ =®v; —2s7fa,

a
Fry=JFr;— 287545,
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Chern-Simons formulation

- The field equations are F = dA + A2

F* = R — 2¢"ey f, — €"*syrst , —7
T =T%, — forsionis zero
T* = Df% —v's%

Tr = 9Os7 +vre”
F,_ =-2"f,, — Jipy =0
Fry = —2steq, —> S{W/] =0
Fr_ =®v; — 257 fq4 ,

a
Fry=JFr;— 287545,

=

fuv

1 1
— § (R,uz/ — Zg'LWR>

I
+ S(I)S(I)V - 49uv3c(w)3(1)a5
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Chern-Simons formulation

. The field equations are F = dA + A2 = 0

1 1
f/u/ — (R,Lu/ — —QWR>
2 4
Fa:Ra—ZGabcebe—EbSb]SI e 4 1

—|—S(I)S — s
(Dv 49W aB°(I)ap
T =T%, — forsionis zero

T% = Dfe — plsa » eom for guv .
T¢ = Ds% + v —» €om for sy, and vy, = §@a8f}) y
Fo = —2f, . — fyu) =0
I
Fry = —2steq, —> Sy =0
F]_ — @U[ — QS?fa .

a
Fry=JFr5— 287547

. eom for a 5
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Chern-Simons formulation

. The field equations are F = dA + A2 = 0

1 1
f/u/ — (R,Lu/ — —QWR>
2 4
Fa:Ra—ZGabcebe—EbSb]SI e 4 1

—|—S(I)S — s
(Dv 49W aB°(I)ap
T =T%, — forsionis zero

T% = Df* — vlg¢ ,—— €0mfor gu
1
I L (87
TICL — @SCIL 4+ Ujea—> eom for S'u,/ and Uiy — 5@048(1) L

Fo_=-2f,, — Ju =0
Fry = —2s7eq, —> {W/] =0

Fr_ = 9v; — 2s%f, ,——cCoOnNsistency Cond|t|on for
the eom for s

\eom for a’ 7

Fry=Fr;— 257Sq7
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