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m Collaborators: Rui Xu, Dicong Liang, Zhan-Feng Mai, Zexin Hu
m BH: Xu, Liang, Shao 2023, PRD [2209.02209]
m EHT: Xu, Liang, Shao 2023, ApJ [2302.05671]
m EMRI: Liang, Xu, Mai, Shao 2023, PRD [2212.09346]
m Pulsar: Hu, Shao, Xu, Liang, Mai 2024
m Other work on bumblebee gravity not covered here

m GW: Liang, Xu, Lu, Shao 2022, PRD [2207.14423]
m Thermodynamics: Mai, Xu, Liang, Shao 2023, PRD [2304.08030]
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Bumblebee gravity model

&= /sﬁd”' [ (R+&BBY W)—%orB“”BW

+%/3 (D.B,) (D“B’) = V (B*)| + Sm

m As an illustrative example in Standard Model Extension

Nambu 1968; Will & Nordtvedt 1972; Hellings & Nordtvedt 1973; Kostelecky & Samuel 1989; Jacobson & Mattingly 2001
Kostelecky 2004 [hep-th/0312310]; Bluhm & Kostelecky 2005 [hep-th/0412320]; Bailey & Kostelecky 2006 [gr-qc/0603030]
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+%,3 (D,B,) (D“B’) — V (B*)| + Sm

m As an illustrative example in Standard Model Extension

m Gravity-bumblebee coupling = correspondence with s* & u
m Stickelberg ghost in Minkowski spacetime and V =0
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Bumblebee gravity model

&= /sﬁd”' [ (R+&BBY W)—%orB“”BW

+%/3 (D.B,) (D“B’) = V (B*)| + Sm

m As an illustrative example in Standard Model Extension
m Gravity-bumblebee coupling = correspondence with s* & u
m Stickelberg ghost in Minkowski spacetime and V =0
m “Lorentz-violating” potential V(B*) = V(B“B, + b?)

Nambu 1968; Will & Nordtvedt 1972; Hellings & Nordtvedt 1973; Kostelecky & Samuel 1989; Jacobson & Mattingly 2001
Kostelecky 2004 [hep-th/0312310]; Bluhm & Kostelecky 2005 [hep-th/0412320]; Bailey & Kostelecky 2006 [gr-qc/0603030]
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Bumblebee gravity model

Field Equations

av €

d(B'By) '«

D“B,, — 2B, B“R,, =0

where
(T8)w :é [gWB“BﬂFfaﬁ — 2B,8)R,” — 2B,B,R, — Oy (B4B,)
— gwDaDp (B*B°) + DDy (BB,) + DD, (BuB")

B ABVA — 9w (130(,35043 n V) n 2BuBVL
g 4 d (B'By)

Kostelecky 2004 [hep-th/0312310]; Bailey & Kostelecky 2006 [gr-qc/0603030]; Xu, Liang, Shao 2023 [2209.02209]
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Simple bumblebee BHs

S /\ﬁd“ [ (R+€BB'Ry) — 1B¥ By — V(B¥)| + Sm

Casana, Cavalcante, Poulis, Santos 2018 [1711.02273]
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Simple bumblebee BHs

S /Fd“ [ (R+ B B'Ry) — 1B By V(BH)}+sm

m Casana ef al. (2018) found an exact Schwarzschild-like solution

in bumblebee gravity model
—1
ds? = - <1 2f”> df? + (1 +2) <1 - 2;‘”) dr? + r?dQ?

where £ = £b? with b4 having only a nonvanishing radial

component

Casana, Cavalcante, Poulis, Santos 2018 [1711.02273]
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Extending bumblebee BHs

S /\ﬁd“ [ (R+€BB'Ry) — 1B¥ By — V(B¥)| + Sm

m Ansaiz

ds? = —e®df? + e?dr? + r?dQ?

by = (bt, br,0,0)

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

Xu, Liang, Shao 2023 [2209.02209]
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Extended analytical solution

1 2M 1 2M 2
V—2|n(1r>, xu—,U02|n(1r>, bt:A0+71
b2 g2io |1 (0 —1)r K27 2(2r — M) + 620A Mr + 622M2r

A TR Y () 3M(r — 2M)2

m Four integral constants: M, ug, Ag, A4

Xu 2023 [2301.12666]; Xu, Liang, Shao 2023 [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 (€20 —1)r kA7 22(2r — M) + 62021 Mr + 63 M?r
2

E r—2M  3EM(r—2M) 3M(r — 2M)2

m Four integral constants: M, ug, Ag, A4

| AO — A1 — 0 —> Casanaetal. 2018 [1711.02273]

Xu 2023 [2301.12666]; Xu, Liang, Shao 2023 [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 (€20 —1)r kA7 22(2r — M) + 62021 Mr + 63 M?r
2

E r—2M  3EM(r—2M) 3M(r — 2M)2

m Four integral constants: M, ug, Ag, A4
| AO — A1 — 0 —> Casanaetal. 2018 [1711.02273]

m o = 0: Schwarzschild with a nontrivial by = Fan 2018 (1709.04392]

Xu 2023 [2301.12666]; Xu, Liang, Shao 2023 [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 — 2o 1(eBo—1)r kA2 A2(2r — M) + 62021 Mr + 622 MPr
7 § r—2M  3EM(r—2M) 3M(r — 2M)2

m Four integral constants: M, ug, Ag, A4
| AO — A1 — 0 —> Casanaetal. 2018 [1711.02273]
m o = 0: Schwarzschild with a nontrivial by = Fan 2018 (1709.04392]

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

Xu 2023 [2301.12666]; Xu, Liang, Shao 2023 [2209.02209]
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Numerical bumblebee BHs

Y - b b — - n
r K= rn t rn
n=1 n=0 n=0

:iVn IJn > An

m Field equations give recurrence relations of v, un, and A,

Xu, Liang, Shao 2023 [2209.02209]
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Numerical bumblebee BHs

00 Y () u 00 2

n n n

V= E n M= o by = o
n=1 n=0 n=0

m Field equations give recurrence relations of v, un, and A,

m Two families of horizon solutions (g, diverging at r;,)

Xu, Liang, Shao 2023 [2209.02209]
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Numerical bumblebee BHs

00 Y () u 00 2

n n n

V= E n M= o by = o
n=1 n=0 n=0

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}

Xu, Liang, Shao 2023 [2209.02209]
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Numerical bumblebee BHs

00 Y () u 00 2

n n n

V= E n M= o by = o
n=1 n=0 n=0

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 2023 [2209.02209]
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Conserved quantities

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

1 _
Mk = —47T/d3x\/—gJ,{,, =e Moy,

Xu, Liang, Shao 2023 [2209.02209]
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Conserved quantities

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

1 _
Mg = —47T/d3x\/—gJ,{,, =e Moy,

Bumblebee Charge

Conserved current Ji = £b,R*/k = —D,b**

1
Q= —‘m\/g/d%\ﬁ—g% = \/ge“om

Xu, Liang, Shao 2023 [2209.02209]
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Horizon r, in family b, = 0

§= -k
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6 12
03 5 10 .
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Horizon r, in family b, = 0

E= -k

Family b, =0

. Parameters: uq, Ag, A4

-15+ -15
-15 -1.0 -0.5 0.0 05 1.0 15 -15 -1.0 -05 00 05 10 15

£=2« 5 3« When ¢ = 2k,

18 8 16
L v A= —27[0 giVGS
14 12
o ° «  Schwarzschild metric
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6 4
4 . 2

-15+ 2 -1 0

-15 -1.0 =05 00 05 10 15 -15 -1.0 -05 DO 05 10 15
Ao Ao
rp in unit of uy = ADM mass = Komar mass in family by = 0 Xu, Liang, Shao 2023 [2209.02209]

Lijing Shao ( i) Bumblebee Black Holes


https://arxiv.org/abs/2209.02209

BHs in family b, =0

§= -k E=k
5 N
.. Familyb, =0
0.8 03
. Parameters: uy, Ao, A4
0.1
0.0 0.0
Demanding gn\rh =0
0.5 0.8
> gives BH solutions
0.6
03 * (brown curves in A1-Aq plane)
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= s 0.2 03
o 01 0.2
0.1
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Ao Ao
ry in unit of uy = ADM mass = Komar mass in family by = 0 Xu, Liang, Shao 2023 [2209.02209]
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BHs in family b, =0

=- =k

- Family b, = 0

.. Parameters: uy, A9, Ay
UL ~ Demanding gul, =0
" gives BH solutions

03 :j (brown curves in A1-Aq plane)
> Mass Mk = u

" Charge Q= VK/22
ry in unit of uy = ADM mass = Komar mass in family by = 0 Xu, Liang, Shao 2023 [2209.02209]
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BHs in family b, =0

3.0 -
— £=-08163x — =181l § <0: Q(maX) <M
£ =0 (RN metric) — c=2817k

251 — ¢ osotm —— ¢ =2 (Schwarzschild metric) § — 0: Reissner-Nordstrom
20 £>0: Qmax) >

o
ot

QI ()

Xu, Liang, Shao 2023, PRD [2209.02209]; Xu, Liang, Shao 2023, ApJ [2302.05671]
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BHs in family b, =0

3.0 .

( — &= 08163k — =181k § < 0 Q(Inax) < M

£ =0 (RN metric) —— £=2817x ., .
251 — ¢ osotm —— &= 2r (Schwarzschild metric) § = 0: Reissner-Nordstrom
20 £>0: Qmax) > v
05] & = 2«: stealth Schwarzschild
! . (max)
0.0 ‘ | | | &>2xr, >2M
0 1 2 3 4

QI ()

Xu, Liang, Shao 2023, PRD [2209.02209]; Xu, Liang, Shao 2023, ApJ [2302.05671]
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“Compact Hills” in family b, =0

15 .
Solutions that g,, = ~ but
10 gu|, # 0 have bouncing
> geodesics
> e 7/ i j 5
=54 m black circle: r, of CHs
~104 m black disk: Schwarzschild radius
—— lightlike scattering orbit m solid: geodesic of CHs
—154 timelike scattering orbit

. : . ‘ : . . m dashed: geodesic of BHs
-15 -10 -5 0 5 10 15
X

Xu, Liang, Shao 2023, PRD [2209.02209]
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Gravitational-wave echo?

Lijing Shao

GW strain

10 1 010
c
3
3 0.05
2
S 0.00
a
£
0.5 - S -0.05
a
-010
100 150 200 250
0.0 |
Techo ~2 Fg/C llog el
-05 - ——— ClePhO
------ BH
0 50 100 150

Time (ms)

Cardoso & Pani 2017, Nat. Astron. [1709.01525]

Bumblebee Black Holes


https://arxiv.org/abs/1709.01525

Perihelion Advance

2678 + 26000 /ts + (€ = KVR/IE\ iin + i
5(p Ty 3 —
4 (1 -¢/20) Ag —4 I'minmax
dependingon Ao and A, < note: by — S o

Xu, Liang, Shao 2023, PRD [2209.02209]
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Perihelion Advance

2678 + 26000 /ts + (€ = KVR/IE\ iin + i
5(p Ty 3 —
4 (1 -¢/20) Ag —4 I'minmax
dependingon Ao and A, < note: by — S o

Sp~2m(eh — 1)+ e (7422 41 (Finin + fmax)
H% 3rminrmax

depending on ug and uso <note: u=3 "5

Xu, Liang, Shao 2023, PRD [2209.02209]
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4

Perihelion Advance: family b, = 0 ’\
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Xu, Liang, Shao 2023, PRD [2209.02209]
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Perihelion Advance: family R,, =0 @

1.0020
N\ —— Mercury
1.0015+ ™ - Venus
N —— Earth
1.0010 )

. —— Mars

1.0005 {
£ 1.0000
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Ho[10711]

Xu, Liang, Shao 2023, PRD [2209.02209]
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BH Shadows: family b, = 0

m Angular diameter of a BH shadow

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

Xu, Liang, Shao 2023, PRD [2209.02209]
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BH Shadows: family b, = 0

m Angular diameter of a BH shadow

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

m Event Horizon Telescope results

Sgr A* (EHT 2022)

M87" (EHT 2019)

Akiyama et al. 2019, ApJL 875:L1 Akiyama et al. 2022, ApJL 930:L12
d =42 + 3 pas d=>51.8+23uas
6y = 3.62 4+ 0.60 uas g = 5.02 + 0.20 yas

Xu, Liang, Shao 2023, PRD [2209.02209]
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Bounds from BH Shadows

7_
6,
54 <
t§4 N
_ — £=-«k
3 £=x
—— & =2k (Schwarzschild metric)
2_
— &=3k
1 ---- &=0 (RN metric)
0.0 05 1.0 1.5 2.0 25 3.0 35 4.0 4.5
o]

Xu, Liang, Shao 2023, ApJ [2302.05671]
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Bounds from BH Shadows

M87* (EHT 2019)

OLR = 5.08 + 1.05M
6,
5 S
5 4 N
_ — §=x
3 | f=k
5 —— & =2k (Schwarzschild metric)
— &=3k
1 | ---- £=0 (RN metric)
00 05 1.0 15 2.0 25 3.0 35 40 45
Q]

Xu, Liang, Shao 2023, ApJ [2302.05671]
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Bounds from BH Shadows

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

6,
5T S
AN \. *
$ 4 \\ Sgr A" (EHT 2022)
3 .' — &=—k O'LR:5.16:|:0.31M
— &=k
| | —— &=2k (Schwarzschild metric)
2 [ — &=3k
/ ---- £=0 (RN metric) ﬁ
1- T T T T T T T T
00 05 1.0 1.5 20 25 3.0 35 40 45 -
1ol

Xu, Liang, Shao 2023, ApJ [2302.05671]
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© NASA

Extreme mass ratio inspirals (EMRIs)
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Bumblebee EMRIs

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

Liang, Xu, Mai, Shao 2023 [2212.09346]
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Bumblebee EMRIs

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

m e.g.,a(10%10) M, EMRI at D, = 100 Mpc, starting at 5Rs

Y1021 Initial 1 year later
g TN IV

15
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* 00 P S pa 3
< | J3 V1 - ! | [1— GRr

-05 i o Ay ~ = QIm]=0.001

: I J |—- 0lml=0.003

£=08

-1.0

-+ QImy]=0.01

-15
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00

£=28
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-15

0 250 500 750 1000 1250 1500 1750 2000 O 250 500 750 1000 1250 1500 1750 2000
t/s t/s (+1 year)

Liang, Xu, Mai, Shao 2023 [2212.09346]
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Bumblebee EMRIs

logy(1A¢1)
| 0.5
0
-0.5
-1.0
-1.5
-20
-4.0 -35 ’ -3.0 =25 -2.0
log;o(QLm1])

Phase difference for (10, 10) M, EMRIs starting at 5Rs, after 1 year

Liang, Xu, Mai, Shao 2023 [2212.09346]
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Bumblebee EMRIs in LISA

10 f Somems, == — .
NN - Faithfulness
09 AN N
\\\ \\\ S1 | S2
2 08 AN .. F[s1,82] = max < | s2)
: {te@c} /(51 ] 51) (s2 | S2)
= o7 \\\ N
= . AN
= ., .,
06 . M s
: with inner product
05 fmax 31 (£33 (f) + 37 ()3a(f)
M (s1 | s2) = 2/ %df
\s~. n
0.4
0.002 0.004 0.006 0.008 0.010
Q [m]

Finreshold = 0.989 for SNRp =30 = Q ~ O(10°3)

Liang, Xu, Mai, Shao 2023 [2212.09346]
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Pulsars around Bumblebee Sgr A*
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Orbital Precession for a P, = 0.5yr pulsar around Sgr A*

Hu, Shao, Xu, Liang, Mai 2024
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Bumblebee Charge for pulsars around Sgr A*
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