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Motivation

. Supermassive black holes

« Accretion processes ~ General Relativity (Gravity)+—_

. Dark matter Bondi Accretion (

Matter Properties (Particle Physics) ;'



Relativistic Bondi Accretion
The Bondi Problem .

Armitage, Astron. Geophys. 61, 2.40-2.42 (2020) |

It is amusing that

[the study of accretion was initiated by speculation about §

1a system where accretion is not taking place — the Sun

» Spherically symmetric accretion:
M2

M = AT A— Poor Where A depends on the adiabatic index of gas

U

o Usually 4, ~ O(1) in Newtonian gravity

. P, (density), a,, (sound speed) are evaluated at r__far away from
Bondi radius 5 = 2M/aZ (radius of influence)

Bondi and Hoyle, Mon. Not. Roy. Astron. Soc. 104 (1944) 273
Bondi, Mon. Not. Roy. Astron. Soc. 112 (1952) 195



Relatvistic Bondi Accretion

Relativistic Bernoulli equation - T ———

{{ 1. Accretion rate changes significantly when
imatter becomes radiation-like

2. Matter distribution near the BH horizon

M = 4xrpyu = constant, — continuity
where p, = mn the rest mass density and u the radial velocity of the intlow

2
2
+ 4 |
(p p) (1 +”2_2_M) = (p - ) — energy conservation

Po r P0, 00

with the boundary condition: © — 0 at r — r_ > rp.

L , a; M
Atsonic horizon, u; = ——— =

5 —.
| + 3ClS 27”5 Teukolsky and Shapiro (1983)



Bose-Einstein Condensate (BEC) Dark Matter

Self-interacting Dark Matter

. . . Spergel & Steinhardt, PRL, 84, 3760 (2000)
« DM with self-interaction? Tulin & Yu, Phys. Rept. 730, 1-57 (2018)

Kamada, Kaplinghat, Pace & Yu, PRL, 119, 111102 (2017)

_ . . Ren, Kwa, Kaplinghat & Yu, PRX, 9, 031020 (2019)
* C()l‘e Cusp’ dlverSltY"" Kaplinghat, Ren & Yu, JCAP, 06, 027 (2020)

Balberg & Shapiro, PRL, 88, 101301 (2002);

¢ o . ; . Balberg, Shapiro & | Ki, Apd, 568, 475 (2002
. The origin of supermassive black holes at high redshifts o va & shone. Aot 1 Lott 914, 126 (2021,

JCAP 05 (2022) 036
. Observational constraints on self-interaction strength from dwarf galaxies

Kaplinghat, Tulin & Yu, PRL, 116, 041302 (2016
c/m ~ O(1) cm2/g APHngnEn, TN = T eo19)

. The simplestzmodel is a canonical scalar field with A¢p* and 1 > 0 (repulsive)
A

— 0 =
64 wm?




Bose-Einstein Condensate (BEC) Dark Matter
The Equation of State (EoS)

1
2 = — 58"~ V(i)

» Dark matter halos as big boson stars 1 2
Colpi et al., Phys. Rev. Lett. 57 (1986) 2485-2488 V(|p|) = —m?2 | ¢ ‘2 | | ) ‘4
2 4!

Ferreira, Astron. Astrophys. Rev. 29, no.1, 7 (2021)

. Constraints from cosmology
Li et al., Phys. Rev. D 89 (2014) 8, 083536

1 > 0 (repulsive)

» Infast oscillation limit, the EoS is simple
T,uv = (p +p)uﬂu1/ +pg,uv

p 4 3p . .
= 5 1 + . -1 __ | p = 3p > pp (radiation fluid)
= Fp 7| p « p? (condensate fluid) if p < p < p;

with p, = = x 10 kg m™ = two parameters (m, 1)



BEC Dark Matter Spikes Around Supermassive Black Holes

Dark Matter Properties

. Dark matter develops a density spike around a central black hole due to accretion.

. Black hole shadow might be blurred due to dark matter annihilations.
Lacroix et al., Phys. Rev. D 96, 063008 (2017)

. The central spike follows power law profiles depending on the dark matter
properties:

Cold dark matter « »~'°; Coulomb-like self-interacting dark matter
Shapiro and Paschalidis, Phys. Rev. D 89, 023506 (2014)

What about the BEC dark matter?



BEC Dark Matter Spikes Around Supermassive Black Holes

Relativistic Bondi Accretion

> op p 1 1 .
Soundspeed:a“ = | — | = y=—|1-— — v (adiabatic index)
o)., P+p 3 v 1+ 3p/4pp
0 +
First law of thermodynamics: B R Y N Po = mn
0Po M Po

° 7 8a* 1 —a? T
M = 4rnr 5 PplU = constant [continuity |

Relativistic Bernoulli equation:

2 2\ 2
( - ) (1 +u _Z_M) = ( - ) lenergy conservation|

1 — 3aZ

Feng, Parisi, Chen, Lin, JCAP 08 (2022) 032



BEC Dark Matter Spikes Around Supermassive Black Holes
Sound Speeds

» At sonic horizon: a,

. Atevent horizon: g,

1—3a§0+\/1+66a§o—63afo ~

2 _ S
4 = 18(1 — a2) <UL -
3/2 — g2
az_ 1 1 1 + 3a? 1 —a? 1 —3aZ 151 y -
h = 3 3 1 — 3a?2 1 — a2 - a? -
O-J | | | | I | | | | I | | | | I | L-
1 1 0.0 0.1 0.2 0.3 1/3
- —<a;, <—, and —<a <— :
5 3 9 3 0.
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BEC Dark Matter Spikes Around Supermassive Black Holes

Fixing the Model Parameters
Voo
, 20 1.9 1.8 1.7 1.6 1.5 1.4

ago if P o < PR

. Velocity dispersion, vy, -~
3 p 0.30F
= pp —— if Vi < 1. ;
16 Vi o0 0.25F
. On galacticscale, p. ~ 107> Mg pc—3and N 0.205 :
Viis oo ~ 107 km s71 = pp ~ 10* Mg pc—3 - — 2
’ 0.15F ag -
 Combined with the constraint _1 | | I% 3
o.1odt——m—— 1
o/m ~ A*Im> ~ O(1) cm2/g 0.0 0.1 0.2 0.3 1/3
= 1077eVSm<$107 eV, 10722 5251070 02
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BEC Dark Matter Spikes Around Supermassive Black Holes

Accretion Rate
Yoo
3/2 2.0 1.9 1.8 1.7 1.6 1.5 1.4
. 1 + 3a? 1 —a? 0] LI L I I IR I
M = 8x - ~M-pp L :
1-3a2 ) | a2 - :
E 1.5 ‘,\ —
, . . =
o« 64zMpr <M < coand M — oo as S
Q 1.0 2 =
2 'y
a? — 1/3 =
0 _ ‘'~ -
. , i .~ 0.5 Tl B
M_.. =64xM<p, ~ 1.41 X 107 Mg yr~ for : e :
M = 10° Mg, black holes at galactic centers, 0.05 . . Tl
which is negligible compared to the standard 0.0 0.1 0.2 0.3 1/3
Eddington accretion of baryons. a’,
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BEC Dark Matter Spikes Around Supermassive Black Holes

Characteristic Distances
Yoo

20 1.9 1.8 1.7 1.6 1.5 1.4

» Sonic horizon: r, :
0.6F

. Bondiradius: ry 0.52
e BM <1, <6M < ry < = 0.4f

= 0.3
. 3M — Photon sphere 0 of
. 6M — Inner most stable circular orbit 0.1F

0.0
: ) M 0.0
On galactic scales, ry = 2M/a;, ~ pC
> 106 M
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BEC Dark Matter Spikes Around Supermassive Black Holes

Density Spike Profile

. The profile cannot be fitted by single-power £ " T T T T T

“01 """" Double-power law
law within Bondi radius, while double-power  1pf ™. e
law gives a better fit. 10! '
3 1072
=
. The repulsive self-interactionsof scalar € 107

dark matter (BEC) reshape the spikestobe  107'g = *>”

Sel oq.
-~ X T SO
~1.2 T S

x r~ “near the event horizon; while it I

approaches « ! asymptotically, which sl vl vl vl el vl il e
matches the cusp in NFW profile. Sy
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Summary & Conclusion
. We solve the relativistic Bondi accretion for BEC dark matter around a black hole.

. The repulsive self-interactions of BEC dark matter reshape the spikes to be

o r~ 12, which can be verified observationally.

—~ General Relativity (Gravity)e—__

Bond1 Accretion (

anOnical Scalar with /lgb4 (Particle PhysiCS)

‘Thanks for your attention!!



