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[abstruct] 
DM が ultra-light axion である場合、その質量によってはハロ中⼼に SMBH のコアが形成される。そこで逆に、実際の SMBH の
質量から axion の質量に制限をかけることができないか計算した。その際、axion の⾃⼰相互作⽤の有無も考慮した。 
 
[goal] 
axion の質量を導出する。 

[originality] 
観測的な SMBH の質量分布と、理論に基づく axion コアの分布を⽐較した。 

Fig1. axion core or SMBH mass vs circular velocity 

●：classic bulge galaxy  ○：pseudo-bulge galaxy 

実線：empirical relation of ● and ○ ■：bulgeless galaxy 

破線：Mc-Vcirc relation for given m22 without self-interaction 

点線：Mc-Vcirc relation for m22=102 with self-interaction 

 (left:f17=0.005  right:f17=0.01) 

影：Rc>10pc; non-SMBH area 

[logic] 
・axion の質量 m、axion コアの質量 Mc、ハロ質量 Mh の間には
Mc∝Mh1/3/m の関係がある。 
※ただし、axion に⾃⼰相互作⽤が無い場合、axion コアが宇宙
の平均密度以上であるという条件から、Mc に下限が存在する。 
逆に⾃⼰相互作⽤がある場合、コアが安定になる条件から Mc に
上限が存在する。 
 
・m を Mc と観測量のみで表現し、そこに Mc の上限/下限をかけ
ることで、m に対する制限をつけられる(Table1) 
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Table 1. Constraint on axion mass from bulgeless galaxies. M• is the mass of the central SMBH (in M�), Re is the radius of the

nuclear star cluster (in pc), Vcirc is the asymptotic circular velocity (in km s
�1

), and the axion mass m22 is in unit of 10
�22

eV. The

constraints on the axion mass assume that the core radius Rc is either larger (left column) or smaller (right column) than Re. See text

for details.

M• Re Vcirc constraint on m22

M33 < 1.5⇥ 10
3

1.0 125 < 15 > 1.2⇥ 10
4

NGC 300 < 10
5

2.9 90 < 48 > 880

NGC 3423 < 7⇥ 10
5

4.18 127 < 36 > 280

NGC 4395 (3.6± 1.1)⇥ 10
5

– 90 – –

NGC 7424 < 4⇥ 10
5

7.4 145 < 9.0 > 270

NGC 7793 < 8⇥ 10
5

7.7 86 < 34 > 190

& Goodman 2012; Bar et al. 2018). Our constraints also
improve on those inferred by Marsh & Niemeyer (2018) from
the presence of old star clusters in Eridanus II.

Instability of the axion core owing to an attractive self-
interaction (e.g., Chavanis 2011; Visinelli et al. 2018) with
f17 . 0.01 (possibly amplified by external perturbers, cf.
Eby et al. 2018), could help relaxing the constraints on m

if, during the collapse to a black hole, a significant frac-
tion of the axion core mass can be expelled. In this regards,
self-similar solutions to the ”wave collapse” indicate that
interactions near the center create an outgoing stream of
particles which can carry away a large fraction of the ax-
ion core before the formation of a black hole remnant (see,
e.g., Levkov et al. 2017). It would be interesting to inves-
tigate whether this e↵ect can produce a range of remnant
SMBH masses broad enough to explain the non-detection of
a SMBH in M33, together with the detection of a ⇠ 105 M�
SMBH in NGC 4395.
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APPENDIX A: ON THE QUASI-PARTICLE
DESCRIPTION OF FDM HALOS

Motivated by numerical simulations, Hui et al. (2017) sug-
gested that the atmosphere of FDM halos can be approxi-
mated as a gas of quasi-particles of characteristic size �dB,
where �dB = (mv)�1 is the de Broglie wavelength of the
axion particle. For a typical velocity v ⇠ 10�4, �dB ⇠
m

�1
22 h�1Kpc is on galactic scales.

Numerical simulations show that the binding energy of
these quasi-particles is negligible compared to their kinetic
energy (Veltmaat et al. 2018). In other words, their self-
gravity can be neglected so that their dispersion relation is
that of a free particle, !(k) = k

2
/2m. As a result, a quasi-

particle of initial width �dB gradually spreads over with a
rms width given by

p
(�4

dB + (t/m)2)/�dB. Quasi-particles

thus disperse after a time ⌧ ⇠ �
2
dB/m, that is,

⌧ ⇠ 2.1⇥ 107 m�1
22

⇣
v

10�4

⌘2
yr , (A1)

in agreement with the findings of Veltmaat et al. (2018).
The number N of quasi-particles populating a FDM halo
is, therefore, not conserved. Nevertheless, we expect the av-
erage number hNi to be conserved for FDM halos in virial
equilibrium.

Turning on the self-interaction should not a↵ect this
picture noticeably. To see this, we assume that the quasi-
particles are described by Gaussian wave packets of size �dB

and mass me↵ = (2⇡)3/2⇢�3
dB as in Hui et al. (2017). Here, ⇢

is the density in the FDM atmosphere surrounding the ax-
ion core. The various energy contributions straightforwardly
follow from the Gaussian ansatz used by Chavanis (2011).
We find:
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1

2m2
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2
dB
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2
dB
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where

�3 =
3
8
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128⇡3/2
, ⌫3 = � 1
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This gives
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Note that a relic axion dark matter density ⌦ today implies
m

1/2
22 f

2
17 ⇠ ⌦/0.1. Therefore, at fixed ⌦, |K/U | only weakly

depends on f17.
The wave packet behaves as a transient quasi-particle

if its kinetic energy is much larger than both its potential
and internal energy, W and U . For an axion mass m22 &
0.1, the conditions |K| � |W | and |K| � |U | are satisfied
provided that ⇢ . 1 M�pc

�3. For comparison, the dark
matter density in the neighborhood of the solar system is
⇢� ' 0.5� 1⇥ 10�2 M�pc

�3.
To conclude, note that there is an interesting similarity

between the properties of halos in axion dark matter, and
in repulsive BEC (Bose-Einstein condensate) dark matter
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Table1: observables and constraint on m22  (left: Rc>Re  right: Rc<Re) 

 of bulgeless-galaxies 

 

[comment] 
・m にかける制限は、⾃⼰相互作⽤の有無で変わ
ると説明しているのに、Rc が Re(中⼼星団の半径)
より⼤きいか⼩さいかにすり替わっており、その
プロセスが不明瞭。 
 
・Fig1 では、実線と破線が平⾏でなく、DM を
axion とするには無理があると思えるような結果
である。結論でも Fig1 に触れた記述が無いのはい
ただけない。 

m22≡m/[10-22eV] 
f17≡f/[1017GeV]:decay constant 
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