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Talk summary

1. Found all spherically symmetric BH solutions

Static spherical vacuum solutions in the bumblebee gravity model

Rui Xu (Peking U., Beijing, KIAA), Dicong Liang (Peking U., Beijing, KIAA), Lijing Shao (Peking U., Beijing, KIAA and NAOC,
Beijing) (Sep 6, 2022) 35
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Probing vector hair of black holes with extreme-mass-ratio inspirals

Dicong Liang (Peking U., Beijing, KIAA), Rui Xu (Peking U., Beijing, KIAA), Zhan-Feng Mai (Peking U., Beijing, KIAA), Lijing
Shao (Peking U., Beijing, KIAA and NAOC, Beijing and Nankai, CIM) (Dec 19, 2022) w2
Published in: Phys.Rev.D 107 (2023) 4, 044053 « e-Print: 2212.09346 [gr-qc]
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2. Limits from EMRIs, ~ 108 better than EHT images

Xu, Liang, Shao [PRD:2209.02209]; Liang, Xu, Mai, Shao [PRD:2212.09346]
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Bumblebee gravity model

/ V=gd'x [ (F-+£B'B'Ry) ~ §8* B+ 5 (D,B) (DF') — V(B) + S

m As an illustrative example in Standard Model Extension
m Gravity-bumblebee nonminimal coupling
m Lorentz-violating potential V(B*) = V(BB, + b?)
m Stickelberg ghost in Minkowski spacetime = we set B =0

Nambu 1968; Will & Nordtvedt 1972; Hellings & Nordtvedt 1973; Kostelecky & Samuel 1989
Jacobson & Mattingly [PRD:gr-qc/0007031]; Kostelecky [PRD:hep-th/0312310]; Bluhm & Kostelecky [PRD:hep-th/0412320]; Bailey & Kostelecky [PRD:gr-qc/0603030]
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Bumblebee gravity model

Field Equations

Gw = K(Tm) + K (T8)
av £

d(B'By) "«

D“B,, — 2B, B“R, =0

where
(T8)w :é 0wB*BPR.p — 2B,8,R, — 2B,8,R,* — O (BuB,) — guwDaDp (B"Bﬁ) + DDy (B*B)) + DD, (BHBK)]

1 dv
A B
+ B,B" — (—BGB +V)+2387
uA By 9w 4 aB uBy (BABA)

Kostelecky [PRD:hep-th/0312310]; Bailey & Kostelecky [PRD:gr-qc/0603030]; Xu, Liang, Shao [PRD:2209.02209]
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Simple bumblebee BHs

S— /Fd“ [ (R+EB“B W)—lB“”BW—V(B“)]JrSm

m Casana et al. (2018) found an exact Schwarzschild-like solution in bumblebee
gravity model

—1
ds® = - (1 2;‘”) de? + (1 +¢) <1 — 2;‘”) dr? + r?dQ?

where 2 = £b? with b having only a nonvanishing radial component

Casana, Cavalcante, Poulis, Santos [PRD:1711.02273]
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Extending bumblebee BHs

. /\/ng4x |:21K (R—FEB/JBVRIUV) — %B‘UVBHV = V(BH) + Sm

m Ansaiz

ds? = —e?dt? + e?dr? + r2d0?

by = (bt, br,0,0)

where u, v, by, and b, are functions of r

Xu, Liang, Shao [PRD:2209.02209]
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Extended analytical solution

1 2M 1 2M A
V—2|n<1r>, y-y02|n(1r>, bt:A0+71
b2 — g2 | 1 (e —1)r kA2 A2(2r — M) + 6202 Mr + 622 M2 ¢

r= € E T CeM T 3eM(r —2m) 3M(r — 2M)2

m Four integral constants: M, g, A, A4
| 710 = 711 =0 = casanaetal [PRD:1711.02273]
m ug = 0: Schwarzschild with a nontrivial by = raneruc:1709 04392

®m up = M = 0: Minkowski metric, with a nontrivial b

Xu [CPT:2301.12666]; Xu, Liang, Shao [PRD:2209.02209]
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Bumblebee BHs

m Field equations give recurrence relations of v, un, and A,
m Two families of horizon solutions (g, diverging at r;,)

El a vanishing radial component of the vector field (b, = 0)
= 3 free parameters {u1, Ao, A1}

a vanishing radial component of the Ricci tensor (R, = 0)
= 5 free parameters {uo, y1, U2, Ao, A1}

Xu, Liang, Shao [PRD:2209.02209]; Yang, Mai, Liang, Shao [arXiv:2606.05801]
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Conserved quantities

Conserved current Jy, = K,R* = D,DFK”, with K¥ = (1,0, 0,0)

1 _
My = —M/df*x,ﬁ—gJ;,,—e g

Bumblebee Charge

Conserved current Jg = éb,RY/k = —D, b’

1
Q= —M\/g/de’x\/—ng = \/ge‘“‘)?u

Xu, Liang, Shao [PRD:2209.02209]
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&=k
Horizon ry in family b, =0 °© . .
Family b, = 0
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Schwarzschild metric L .
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Xu, Liang, Shao [PRD:2209.02209] ry in unit of uy = ADM mass = Komar mass in family by = 0
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BHs in family b, = 0 . ' o .
. e M
Family b, = 0 T v .
Parameters: u1, Ag, A4 ‘
Demanding gx|, =0 _ §=2n . o
gives BH solutions o
(brown curves in A4-2g plane) ” :j
Mass Mk = u
Charge Q = Vx/22
*Ts 0 - .Ao, . *T5 1o 65 o A.o .
Xu, Liang, Shao [PRD:2209.02209] rp in unit of uy = ADM mass = Komar mass in family by = 0
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BHs in family b, =0

30 — £=-08163x — ¢=18llx 5 < 0: Q(max) < M
951 €=0 (RN metric) —— ¢=281Tx . .
Bl — - osomn —— &= 2~ (Schwarzschild metric) 5 = 0: Reissner-Nordstrom
20 £>0: Qmax) > M
05 & = 2«: stealth Schwarzschild
/ . ,(max)
0.0 ‘ | | | &>2xr, >2M
0 1 2 3 4
QI [M]

Xu, Liang, Shao [PRD:2209.02209]; Xu, Liang, Shao [ApJ:2302.05671]
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BH Shadows: family b, = 0

m Angular diameter of a BH shadow d =204 (oLr/M)

where oy is the critical impact parameter for photons, and 8, = M/ D with D the
distance to BH

m Event Horizon Telescope results

M87" (EHT 2019) Sgr A™ (EHT 2022)
Akiyama et al. [ApJL:1906.11238] Akiyama et al. [ApJL:2311.08680]
d =42+ 3 uas d=51.8+23uas
g = 3.62 + 0.60 uas g = 5.02 +0.20 pas

Xu, Liang, Shao [ApJ:2302.05671]
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Bounds from BH Shadows

M87" (EHT 2019)
OLR = 5.08 +1.05M

6,
5 5
\\ g *
S 4 "\ Sgr A* (EHT 2022)
\
3 — &=—k O'LR:5.16:|:O.31M
| =
E=kK
| —— & =2k (Schwarzschild metric)
2 | — &=3k
/ ~-=- £=0 (RN metric) ﬁ
1- T T T T T T T T
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Xu, Liang, Shao [ApJ:2302.05671]
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Extreme mass ratio inspirals (EMRIs)
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Bumblebee EMRIs

m Geodesics (+tensorial energy loss) change w.r.t. GR EMRIs

m e.g., (108,10) My EMRIs at D; = 100 Mpc, starting at 5Rs

X102 Initial 1 year later
" A N

log,o(1Ag])

X102

=+ QIm]=0.01
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Liang, Xu, Mai, Shao [PRD:2212.09346] Phase difference
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Bumblebee EMRIs in LISA

Faithfulness
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Finreshold = 0.989 for SNRp =30 = Q ~ O(1073)

Liang, Xu, Mai, Shao [PRD:2212.09346]
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Faithfulness

 (s1]s)

F[s1,82] = max
{topc} \/(S1 ] 81) (S2 | S2)

with inner product

df

(51 | s _2/fmax 3 f)SZ(fH(? (H3(F)
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Timin'g ‘of radio puisars around Sgr A*
give comparable (sllghtly worse) 1
I|m|ts of EMRls

ai [JCAP:2312.02486]
..
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Summary

m We found two families of non-spinning BH solutions in the bumblebee gravity

model

m Family R, = 0 is tightly constrained by perihelion advance observations in the
Solar system

m Family b, = 0 is weakly constrained by the EHT BH images and instability
m Family b, = 0 will be tightly bounded by EMRIs and Pulsars
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