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INTRODUCTION

(Pagner, 2019)

® A wide range of astrophysical observations are well

explained by including cold dark matter (CDM) (peebles, 2015).

® A popular dark matter candidate is the QCD axion: PG-boson

associated with SSB of U(1)p(, which was introduced as a

possible solution of the strong CP problem (peccei and Quinn, 1977) .

® The axion field acquires a mass after the QCD phase transition, L

and then begin to act as a form of CDM (Preskill et al. 1983).

* Haloscopes (ADMX CollL. 2018) and Heliscopes (Armengaud et al. 2014)

o Exten5|ve|y aXIOn Searchlng In recent yea rs ® OSC|||at|ng e|eCtriC deO|e moment (Graham & Rajendran, 2011)
* Atomic and molecular transitions (Sikivie 2014)

* Indirect Axion searches (lwasaki 2015; Hook et al. 2018)

ENRICO D. SCHIAPPACASSE — ONLINE NEWTON 1665 SEMINARS— ON MERGER OF AXION DARK MATTER CLUMPS



4

® Many of these searches exploit the axion-photon coupling * Ground based experiments as ADMX
(Asztalo et al. 2010)
* Photon emision by collisions of axion
AL = gg,,PE - B ) _
clumps and neutron stars (Iwazaki 2015)

® A NOVELSCENARIO

A portion of axions may organize
into gravitationally bound clumps For moderate g4, clumps with
;» and be present in large number Q M > M; may undergo parametric
in the galaxy today. resonance of photons
* Bose-Einstein Condensate (BEC)
of axions known as “Axion stars” The output of cohererent Q
or “Clumps” or “Bose Stars” radiowaves may potentially be
detected on the Earth.
" GRAVITY + SELF-INTERACTION ﬁ To have clumps above the critical
+ KINETIC PRESSURE

mass (M ) in the galaxy today

‘ would require mergers.

Stable Configurations in the non-
relativistic regime
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® Axion Clump formation would depend on the

scenario at which the PQ-symmetry is broken

(Guth, M.H., Prescod-Weinstein, 2015)

Broken after inflation

The axion field remain inhomogeneous
from one Hubble patch to the next.

Strong mode-mode gravitational
interactions lead to BEC formation.

We need to assume Npy =1 (KSVZ
model) to avoid domain-wall problem

10°GeV < F, < 1011GeV
(Kawasaki et. al 2015)

The axion field is driven to be highly homogeneous on
large scales = Unclear if it may form a BEC in the late
Universe.

Axion clumps may kinetically nucleate in dark mini-halos
around PBHs (Hertzberg, Schiappacasse, Yanagida 2020).
Axion-like particles clumps may form via tachyonic
instability (Fukunaga et al., 2020)

F 776 0.\ 2
2 a i 9 17
Q¢h ~0.7 (m) <;> - 107GeV < Fa <10°'GeV

Broken before inflation

CAST

Too much
hot dark matter
I N N

Globular clusters 3 .
s % Classic Anthropic
(a-y-coupling) region region

Too much cold dark matter
(classic scenario)

Too many Too much
events energy loss

SN 1987A (a-N-coupling)
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AXION FIELD THEORY i

® In the effective theory for axions, they can be described by a real scalar field ¢(x,t) with a small
potential V(¢) coming from nonperturbative QCD effects:

R
L= ﬁ[l67‘[61\/ r Vud)Vvd) = V(¢)]

® Expanding around the CP preserving vacuum: V(¢) = %m?quz -+ %c[)‘L + 0(¢®)

F? y =1 V(g) = méfaz[l — cos(¢p/fa)]

y =1-3m,my/(my, + my )* = 0.3 (Grilli et al., 2016)

® For the standard QCD axion (Weinberg, 1978) :

mqb (mu,d,n:fn'fa) = 10_56\/(

6-10'1GeV
Fa
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® In the non-relativistic regime we can rewrite the real axion field in terms of a complex
Schrodinger field Y

d(x,t) = leeietiix B) F elliotyiiy o))

k
1/27’)’1,4)

® The dynamics of Y is given by the standard non-relativistic Hamiltonian:

Hnr o Hkin g Hint o ngav (Guth, Hertzberg, and Prescod-Weinstein, 2015; Schiappacasse and Hertzberg, 2017)

A
2
16m¢

[ d3xp* 92,

1 %
Hyin = Efd?)x V* - VY, Hpe =

2 * * ! !
_ _@ f P f PN CVNCSVICIIICD

ngav lx — x|

® H,, carries a global U(1) symmetry 1 — 1e'? associated with a conserved particle number

N=jd%¢%@¢u>
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® From Hamilton equation# Equation of motion of the field in the non-relativistic regime

Prip?
8 )

e
i = —> V2 + Py —

~12 dn=dnW", )
| is the dimensionless (non-dynamical)
Newtonian potential

® All quantities have been re-scaled for numerical purposes as

/5) 2
m m =
xz( pt¥ >9Z t = —””; f
m¢Fa m¢Fa
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SPHERICALLY SYMMETRIC CLUMP CONDENSATES

Field ¥

(Schiappacasse and Hertzberg, 2018 )
1.4r
1.2}
1.0
0.8}
0.6}
0.4f
0.2}
0.0}

Y(r) describes the radial profile
u describes the correction to the frequency

The true BEC ground state is guaranteed to be spherically symmetric: Y(r,t) = LP(r)e_i“t

The time independent field equation for a spherically symmetric eigenstate is _ p
Var =~V 2
16F,
1 . 3 WG oes i)
e S 4nGm21Pf i () T st erdis
2m r i T 2 0y

Length Scale

..................... SECH ANSATZ
Exponential-Ansatz 1 Y(r) =Y, sech(r;/,R)ln with ¥y = %
Sech-Ansatz ] £
TN Numerical
N\ ] Far field region (r — o0) : Identical to the structure of the time
] independent Schrodinger equation for the hydrogen atom under
replacement Gm?N— e?
__________ \ ] Near field region (rr — 0) : Corrections from self-interactions
0 1 2 3 4 become important. There are no know full analytic solutions.
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Stable Branch for axion clumps S e 110
: = Unstable Branch
4r
Any localized anstaz of a 3 o 3
single parameter R RanstEe (mpzm ¢,,3/z')H %:* '
5 S5 s my 2\ ~ 2t
e N + R= (2R :
H(R):Cl~——b e G e 1'_
R?2 R R3 moFa\ = [
. N*=( 21/2)N* :
Mo~y 0'_ ]
— « M.=myN F ' ' ' ' '
- ¢ Pzt 0 2 4 6 8 10
N, =41 r, t)|? ridr o ~
fO el R is the effective radius of the (Hertzberg, Li, Schiappacasse 2020) N,
solution (variational parameter) Op
dH : 5 : : -10¢
* Apply ¥ 0 to obtain conditions for stationary solutions T
* Forany value of (a, b, C) there ate two branches of solutions > -201
2
W —30¢
~ ai\/az — 3bcN?2
= bN -40y N

e _ _ 00 01 02 03 04 05 06
State of minimum energy at fixed N (spherically symmetry) Radius 2
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Physical Parameters for Axion Clumps 11

® We compute the maximum number of particles, the maximum mass, and the minimum clump size
for axion clumps as follows:

M2 1071 (22 () (2

L (10—5ev> (6 - 1011GeV> <0.3>1/ :
i m
,min mcp Fa ,y

® Asimple manipulation allows us to express (M,, R,) of any clump as

MR —aM. (R

*mln
=g(@R & (1+ 61(_“ )Rf}?,nin a € [0,1]
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AXIONS AND PHOTONS -

f"WU""Y

® The axion-photon decay channel runs through the chiral anomaly a-->--<9ay 4

WJ'"Y

1 e
fote o prpuv e g‘Z’V OF,, FH Jay = Fﬁa ]— KSVZ/DFSZ/Hidden sector

( B~107% in QCD conventional axion models)

_ Kim (1979); Zhitnitsky (1980)
We send g, — |gay| for ease notation

(Only its magnitude is of significance here)

® oo A= (/10,71) in the Coulomb Gauge, we obtain for the 2 degrees of freedom :
a3k’

A—V2A+ gayV x [(0:0)A] = 0 — Ay + k? Ay + gay ik X [ =

0t Pp—r A =0

V| «< [0;¢| in the non-relativistic limit for axions
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Numerical solutions show that the growth rate from a

13

* Here up = ggymePo/4 is the maximum

growth for the homogeneous case

1
* Here lege = 2R.
localized (spherically) clump is well approximated by : *
. . (Hertzberg, Li, Schiappacasse 2020)
,u*z Hyg — Uesc» U > Uesc - . : . :
0, ty < Hesc |
Taking the sech ansatz profile to set the axion field < 10
amplitude, the Resonance Condition reads : o 5
>
1/2 g(@]"”?
deyyFa > 0. 28 [ Z
1
0.5(, , , . . .
0.0 0.2 04 06 0.8 1.0
0(1072
In conventional QCD axion models, g4, = (f ) N /Ny max
a )
The resonance could be possible only in Parameter space for the axion-photon coupling Jayy [V 2F; ]

unconventional axions models or for couplings to
hidden sector photons .

(Daido, Takahashi and N. Yokozaki 2018)

with respect to the number of particles on the stable blue branch,

normalized to Nu max e Fam ~1/2]. Parametric resonance of

axion clumps into photons occurs in the upper right blue shaded
region.
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AXION STAR MERGER e

® We perform a full 3-dimensional simulations of pairs of axion clumps.

* Head-on collisions
* Non-head-on Collisions

place through the emission of scalar waves * Phase dependence
* Relative velocities

® We determine conditions under which merges take

® We solve the Schrodinger equation by using a symmetric split-step beam method in a tri-
dimensional grid with the addition of a spherical sponge

D g StEAT e S AGe Weetho AR e
i A el Bl g B e o )

[|° @ ©)
8

VED = ¢y ($ED) -
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Head-on Collisions

(X)initial = V(VI2+ 52 + (5 + 20)2) e + (V2 + 2 + (5 — Z0)2)e =

(Hertzberg, Li, Schiappacasse 2020)

] — |@(r.1=0)| 1 [
[ — 1§(7,1=35)|* | [
3t — |(F,1=5.5)] 20
o 10}
1t [
- ol . [
i
5 OF —
o _ EI-Icu:
1 - = 4= ) -10 Egrau
! 4= 3 b .. ﬁml
- r \."'-,_ l,-".f\.l"-.l 1 - 20 - Ff!nl
0 _ If_ Y. XN - ﬁ*
............................... _30. L N " 1 L "
15 10 -5 0 5 10 15 ~°9 2 4
f t
Head-on collision of two clumps each with N, = 3.5650. Here ©: = 1.5 in

(Left) Dimensionless local number density along the z-direction with (z,7y) ~
(0,0) at times: £ =0, f = 3.5, and £ = 5.5. (Right) Time evolution of the dimensionless total
energy (and their components) from the collision of the two clumps. The traveling clumps
pass through each other without merging.

15

with 0: = (mpﬁl/ 2 /F,) v,

The initial total
energy of the system
IS positive

4

Unbounded System
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1= 6.0

9.5

5.0
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L i

| (0,1)]

8122 8124 8126 8128 8130
t
Im[@(0,t)] - -

16

: Head-on collision of two clumps each of one with ;‘\VT* = 3.56503. Here v; = 0.3
and zp = 6 We have used a cosmological box with a volume (384)2 in dimensionless
units and a temporal and spatial sizes equal to At = 0.082 and (AZ, A, Az) ~ 0.078,
respectively. (Left) Evolution of the dimensionless number of particles of the system during
the whole simulation. (Right) Evolution of the total energy of the system and their different
components {I;'kin, };'gm\,, and I—:ﬁnt). The reduction in total number and total energy over
time is due to emission of scalar waves that go into absorbing boundary conditions.

6-1011GeV\”
F,

10~ 2eV
Mg

y
£~2 ( )
Y5\023

20¢
| — Hi
o] AVINTI TN
*E ' V|V
T 0 —
-10¢ {W ]
"-20 ]
_30 4 1 L L L M
10 50 100 1000 5000
t
25 — (Theoretical) Ground State with @ f=0)= 181
20* o |@(F, =107

-Re[@(0,)]

=i

Nfﬂinal = 07(N*’1 + N*’z)
with N,; = N,, = 3.56503

(Left) Value of the field at late times after the merger of two (stable) ground
state clumps as detailed in Fig. 6. (Left) The field value at the origin (z,7,z) = (0,0,0);
green solid curve is absolute value of field, dashed blue curve is imaginary part of field, and
dashed orange curve is real part of field. (Right) Red points are absolute value of the field
in the z-direction with (#,7) = (0,0) of the resultant clump at { = 8121. Blue solid curve
is theoretical (stable) ground state configuration with
U(f =0)=1.814

| E}kin | -ggra\' | -gint | }}total
Stable Ground State (U(7 = 0) = 1.814) | 7.5356 | -14.1402 | -0.3103 | -6.9149

(7, F ~ 8 x 103)| 7.4080 | -13.8390 | -0.3085 | -6.6495
Porcentual Relative Error (£) 0.5% | 2.1% 0.6% 3.8%

=

The initial total energy of
the system is negative

Bounded
System
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Parameter Space for Merger .

St :> clumps will merge after collision leading to a resultant clump

® If theinitial separation of clumps is large enough, we may estimate the total initial energy as

Gravitational attraction
between clumps

I iti l k—k
HTrcl)lttc:;l o= (Hkin,l S ngav,l 2 Hint,l) a (Hkin,Z 3 ngav,Z St Hint,Z) ot Him o Hgm iz ngav 'ﬁ

Kinetic energy of the center of
mass of each clump

® Using the sech ansatz approximation and going to the dimensionless variables,

i 2ab?*N3 Db 2b3cN? gy surtiNL2
H = i = z+ N.U
(a ++/a% — 3bCN*2) a ++/a? - 3bcN? (a ++/az - 3ch*2)

N N

27

Fo )
Vv, =|———75| Uz
VA mpl]/l/z Z
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(Left) Initial total (dimensionless) energy of the system, I;’mtaﬂ, with respect to 18
Since clumps today in galactic halos have relative velocities ~10? km, '

the magnitude of the maximum initial velocity of both two clumps, Uz pax, to lead to a

. . merger after a head-on collision. A sech ansatz is used to approximate the clumps radial
we need for a typical pair of clumps to merge F, = 10*°GeV

profile. Results are shown for different initial total number of particles. In particular, green,
orange, red and blue line refer to the cases '\- 1= '\-, 2 = (3,5,6,0. .r'\-", meax )» Tespectively.

The initial distance between the center of mass of the clumps is set to be 2 x 8R, where R
15 ] ) o is the clump lenght scale . (Right) Contour-level of the clumps critical relative
For Fa < 10 GeV, there is still pOSSIblllty of merger velocity Urel, crit [km,s] in the paral‘neter space (N,1 = N,2,F,), eg. the initial number
. . . of particles of each clump and the P() symmetry breaking scale, respectively. The critical
since the clump relative velocity has a zero mean P P « v TeRinE B e, TERmeTE Y
relative velocity for clumps is calculated using Uz crie = Uz cris( -'\- 1 = N,32) from the plot on
the left
(Hertzberg, Li, Schiappacasse 2020)
- Ry 1=Aig =07 e . [ 15 T S O N '
I N*’1 N*'z ;max VZ crit (;\‘*) ~ 04N " L |‘| \ \ \\‘. \ N\,
L = Ny, 1=Ny,2=6 L I
20F — iy -ty 5 L R U
| *:1_ *12_ : | \\. \\ \\\ \\ :
Y Y 5 I‘ .\\ A N E
N, 1=Nog,2=3 5 \ A\ N ]
L . S ]
-- (:'E [ “:, \ \\ \\ N ] — 800
) |\ AN N ]
22 4 X ‘\ \"x \\ ™~ N ~ - 7]
T \ .
— [ AN S S~ ~—
*" 3 [ S ~—_ ] 600
< 2: NN ~_ T~
\ S ~—_ . -
i : \\\ e ~ T— S : —- 400
1 [ ] 200
— 68 k k k k 1 k L . L 1 . A . . L L L L L L . . . . L d A d A 0 -I A A i L i i i L i i i 1 A A A 1 A i i I-

00 02 04 06 08 1.0
F,[10"°GeV] o

Ve, crit [km/s]

Fa ‘o
ol erit == 2 X 448km /s [ ——2 ) = (N,
Urel, crit m/s ( [H‘Ge\) Uz crit (V%)

ENRICO D.

SCHIAPPACASSE — ONLINE NEWTON 1665 SEMINARS— ON MERGER OF AXION DARK MATTER CLUMPS



19

ASTROPHYSICAL SIGNATURES

Collision and Meger Rate

® The collision rate per halo per year between axion stars with (M, 4, M, ;) = M, in the galactic halo:

RZOO 'r'z p('r) fDM : 2 M
haloJ _ 2 N~
s = 47TJ ; < 13[0 ) (Ocff (Vrer) Vrer)dr Oeff (Vrer) = ATR; (1 o
0 * *Yrel
Vesc any 5
(Jeff(vrel)vrel> ~ 47-[_[ "'pO\Il e v/ Ueff(v)Ude
® Afirst estimate comes from a homogeneous ’fl/"-’
Galactic halo, e.g. Myo~10'*Mg and i
7 of.
— 0 i —~ 3
Pralo~200pm, such that Mpo0 = (471/3)Praio R300 Here p, is obtained from the normalization of the Gaussian

velocity probability distribution in the Galactic frame as
AT fove“vzp(v)dv =1

------------------
-~

-~
~

phom 3 [ @@/ Dlazos)” (£ 2(? )2 6-10"GeV\*[ | ,’1:)-7 7.46 F, V' (03} collision
x—x 7.46 0.01 0.3 F, \\\ (g(@)/a)|4=05| \6 - 1011GeV Yy MWyear - galaxy

~
-

-y, -
--—---———————__——

Becomes significant at F, = 101°GeV
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(Left) Collision rate for close encounters between axion dark matter clumps

versus the PQ) scale using a homogeneous density for the Milky Way halo (blue line) and Table 2: Main dark matter halo parameters for three different Milky Way mass models
three different mass profile for the halo. We have used for all cases N, 1 = Ny 2 = 0.4Nmax and (best-fit models).

fPM — 0.01. We have used halo parameters (best-fit models) obtained in Refs. [111] (NFW

profile), [112] (Burkert profile), and [112] (NFW profile) in red, purple, and orange lines, Profile Rago Moo T Ps 0o Ro 0 Veosc
respectively. The purple line corresponds to the homogeneous case at which ppay, ~ 20002 . [kpc] (M) kpe] [GeV /Cm"}} [GeV /01113] [kpc] [km/s] [km/s]
(Right) Collision rate for close encounters between axion dark matter clumps versus the PQ NFW [111] 237 143x 07 200 0.32 0,395 399 930 622
scale for the parameter space (0.005,107%) < (o, fPM) < (0.7,1071) (orange shaded region), B [112] 901 1-11><1012 9 26 1'57 0.487 7'94 241 576
where N, 1 = N,2 = aNyax. In particular, blue, red and orange lines correspond to values NTW [Il 2 319 1'53 1012 16 | 053 0' 471 8' 08 944 613

(o, fPM) = (0.7,107%), (0.4,1072), (0.005, 10~ 1), respectively. The collision rate for all cases
is calculated by using a NFW profile for the dark matter halo [111].

1024

—

o
—
~

FNEW (X =107",a=0.005) |
— W (f* =1072,0=0.4)
— MW (fX =10,a=0.7)

FNEW (fX =102,0=0.4)

— TNW (fX =102,a=0.4)
( )

( )

— 8, (fX=102a=04
— h * _10-2 4
rhom (FX =10"2,a=0.4

—_
o
~l

—_—

o
AN
w

I._.[collision yr™' galaxy™]

I._.[collision yr~" galaxy™]

10  10'2 10 10" — 100 102 10'% 106
Fa[GeV] (Hertzberg, Li, Schiappacasse 2020) Fa[GeV]
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10—14_

FNEW (F% =107",@=0.005)
— VW (X =1072,0=0.4)
— rNEW (fX =1074,0=0.7)

[ ._.[merger yr'1 galaxy

— —
© O
L L
co (@)
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Typical speeds for stars in the galaxy indicate that they
typically carry too much energy for a 2-body merger to take
place when PQ scale is small.

10 10%2 10 10
(Hertzberg, Li, Schiappacasse 2020) Fa [G eV]

Merger rate from pair-wise interactions from a single collision between axion
dark matter clumps versus the PQ scale to the decay constant for the parameter space
(0.005,10°%) < (o, fPM) < (0.7,1071) (orange shaded region), where N,; = N,s =
@Nmax. As in Fig. 11, the blue, red and orange lines correspond to values (a, fPM) =
(0.7,107%),(0.4,1072), (0.005,1071), respectively. The collision rate for all cases is calcu-
lated by using a NFW profile for the dark matter halo [111], and making the simplified
assumption that mergers arise from 2-body pair-wise interactions only. For small F, this
provides a conservative lower bound on the actual merger rate, which can be enhanced due

to 3-body processes, etc.

We replace Vggc DY Vygp crir @S the upper limit
of the integral which leads to (aeff(vrel)vrel)

* Merger rate from pair-wise interactions from a single
collision between axion dark matter clumps

* This is a conservative lower bound, since 3-body
interactions and multiple encounters can enhance it.
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Photon Emission 2

Attractive Self-Interactions A <0

15 . . . . : ® Suppose gayy > Gay,min- All clumps having N, > N; they will
\ undergo to parametric resonance into photons : N, — N.
3
o 1.0} -
Te \ ® All clumps with N, < N. will tend to capture axion dark
g
~ matter from the background and to move down through the
o 0.5 AN blue curve so that N, — N¢.
; ~
o
0.0 > _ ® Kind of PILE-UP at a unique value of number of particles or
5 5 " > 5 S mass for axion dark matter clumps in the galactic halo today.
Number N
Under suitable conditions, we found that clumps can
® After axion star formation in the earlier merge and produce a new clump according to the relation
history of the universe, we expect a Nfina~0.7(N, 1 + N, ;) = 1.4N,
distribution for number of particles as ’ ’

shown in the blue curve.

Since N, = N/, the new clump will undergo
parametric resonance as soon as it settles
down to a ground state configuration.
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* The energy released by the electromagnetic radiation during resonance,

AT N (i mplFa
E.,=[07(N.1 +N.,) — N¢] = 07 la M
: e Fignsay F, 0.3\"?
where N, = aN,pmax, Ne= @cNimax and M, q,~1.4 - 10*°GeV = = e

1 GayMmepPo
HE Ao

* The time scale for the exponential growth can be estimated from the growth rate, 7 =

i ENEIZ 608 GBI 0526
a2 0a s ) <E) 3 —
: a

The electromagnetic radiation output corresponds to s 4m
a narrow line near the resonant wavelength e s Mg

The bandwidth can be estimated from the
width of the first instability band for the

o g (Mo, LOkHz F, ot (03
homogeneous case, Ak = g4y, My Po/2 VRIS 4 (10‘5eV) ~ g(a) \6-1011GeV (10—Sev) %
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Detectability o

® For the QCD axion and 10'°GeV < F, < 10'3GeV, the central frequency of emisién ranges

as 7/0MHz < vgpm < 70 GHz |

Collisions between isolated pair of axion clumps
which typically lead to merger require large values
of the axion decay constant.

[HRN

) Arecibo Observatory (300 MHz — 10 GHz)

) Five Hundred meter Aperture radio Telescope (70 MHz — 3 GHz)
) Karl G. Jansky Very Large Array (1 GHz — 50 GHz)
)
)

w N

N

Green Bank Telescope (290 MHz — 115.2 GHz)
The Square Kilometer Array (Phase 1, 50 MIHz — 14 GHz)

Ul

Mergers for moderate values of F, are still viable
since the collision rate is much more larger in that
regime

(Giovanelli et al. 2005, Nan et al. 2011)

® For F, = 10> GeV, mergers of axion clumps are more robust, but the resonant axion decay leads to
low frequency photon emission which would require radio telescopes from space to be detected.

The Orbiting Low Frequency Antennas for Radio Astronomy Mission
(OLFAR) is an ambitious plan of building a swarm of hundreds
to thousands of satellites to analyze frequencies below 30 MHz

(Bentum et al 2020)
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® The received flux per bandwidth (spectral flux density) is quite appreciable, since the signal is highly
monochromatic:

& gl Atare pesgns st Fep e, E, 10~%eV\ /50 kpc\> /0.3\"*
B = 4z D2Av,,, i aCaes LD | sy Mg D Y

® The smallest spectral flux density that a radio telescope can detect depends on the observation time
EtOb%’ signal bandwidth (AB), effective collective telescope area (A.¢), and system temperature
Tsvs) as
ysS

. b e Y2 11 ms\"* (103m? /K
B LI /m /z AB tobs Aeff/Tsys

1/2 1/2
Take SKA (Phase 1): SBmin = 3 10—28W/m2/HZ (1 MHZ) (1 mS)

AB tobs

In the frequency range detectable for SKA, we have Sg >> Sg ., for
emissions in the Galaxy
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DISCUSSION

® We have explored a novel way to possibly detect axion dark matter by computing axion star merger

and the posible resulting resonance into photons.

To have clumps above the critical mass (M ) in
For moderate gy, clumps, there the galaxy today would require mergers.

is a critical mass for clumps M

beyond which they can undergo ﬁ
parametric resonance of photons

Mgpa = 0.7(M,, + M, ,)
Wlth M*,1~M*,2

® For smaller F,, the number of clumps and their cross sections are large so that collisions are very

frequent in the galaxy today.

26

However, such clumps have small binding energy so
that such collisions tipically do not lead to mergers

However, this can happen via statistical flukes in the Galaxy
due to the Maxwellian distribution of relativities velocities.

® Typical collisions which lead to mergers require F, = 101°GeV, but in this case the rate of collisions

is much smaller.
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® |n many string compactifications, the axion decay constant is in the range 101°GeV — 1018GeV.

® In addition, apart from the presence of QCD axion plausibly embedded in this framework, string
models predict the presence of many axion-like particles. (Arvanitaki et al. 2020)

Kinetic nucleation of axion stars in mini-halos around PBHs and
axion-like-particles clumps formed by tachionic instability hold for
general values of the PQ symmetry scale

(Hertzberg, Schiappacasse, Yanagida 2020) & (Fukunaga et al. 2020)

® Higher decay constant models refer to smaller axion masses so that we will need radiotelescopes
with sensitivity to rather low frequencies for resonance detection.

® The relaxation time toward to the ground state (after collision) is quite long so that the resonance
may be is a gradual process

b

Lower flux of photons on the Earth
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AXION STAR NUCEATION IN DARK HALOS AROUND PBHs —————— 30

2 2 6 —
(mﬂVaRhan"’]O » Mg Vy Tgr“’lo )at Z=Zeq

..... ~ ~10° = ]
(Hertzberg, Schiappacasse, Yanagida 2020). : 0 vaRyato~50, mave*Tyr~10°) at 2=894

e Codark matter scenario:
AXIONS (mass m,) + PBHs

Dark minihalo formation
around PBHs with radius
Rya10 and mass My, 410

10- 10-1° 10-2 10 10-° 0.001

Condensation time scale

Mpgn[M ]
* Axion stars may kiﬂetiCa”V - Contour-levels of (1,04 Rualo, MaVaTg) at a given
nucleate in mini-halos before _ 4\/2 Rha],ﬂ 3 redshift z in the parameter space (MpsH,ma). The blue
Tar = 75 (R haloT ﬂ'l'ﬂ} shaded region between the blue solid (2 = zeq) and dashed
time of first Galaxy formation Ql’:‘T Ua (z = 894) lines corresponds to the parameter space of

(MpBH, M) at 894 < z < zeq, Which satisfies the kinetic
regime as (MqVa Rhalo, Ma¥>Tgr) = (50, 10%). The intersection
between the red (orange) band and the blue shaded region

corresponds to the parameter space for the QCD (string) ax-
(ma } {Rhaln) e 1 iti i i ion, where 4 x 10°GeV 2> F, = 10'? GeV

Condition for Kinetic (wWhere
] _ : 10" GeV 2 F, 2 10'° GeV [43, 44]). The yellow solid (gray
Uy Virial Ve|OCIty of [:mﬂ E-;t? ]| (Tgr ]| :‘:_;_} 1 nucleation dashed) line plus the yellow (gray) shaded region correspond

axion in minihalos to the zone in which Apg/Rhalo > 1 at zeq (at z = 894)
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4 (MaVaRnalo~10?, MaVa2Tgr~10°) at z=zeq : b
1 0— max . e _ | ! <
(MaVaRhalo~50, MaVa?Tg~10°) at z=894 0 1 OO | :' Fernto .. .
] HSC ~- -
r— -8 :
o 10 EERECE $ $Z$38393909 e
~ 1 - N S e e e ’ -
= s 0.001} /
x e 1
Ew 10712 O - - - e - oo - :
E* -y w | ~ — —
L e 107*
- | ] 1]
= 10 _ _ ' EG
String Axion o ’ 7
20 TN / QCD Axion String Axion
" = -7
107° 1077 107° 1073 10 10-17 10-14 10-11
mg[eV] (Hertzberg, Schiappacasse, Yanagida 2020) M.IM
M)
Contour-levels of (M4 q Rpalo, _.manggr) in the pa- The bluje (gray) shaded ba_nd ShO\VS the estimate of
i _ N ) . the current fraction of dark matter in axion stars £y
rameter space (mg, M,). The blue shaded region between o ) ‘ 5 o
he blue solid d dashed 5 , a fraction in PBHs no greater than 0.5% (10%),
the blue solid (z = zeq) an ashed (z = 894) 1‘1188 corre-— 1 < N, < 10, and the contour-level (mqvaRyualo, MaUaTer) ~
sponds to the parameter space of (mg, M,) at which the krl— (102,10%) at 2z = zeq in the parameter space (Mpgm, My ).
netic regime is satisfied as (M4 Rhalo» Ma¥>Ter) 2 (50,10) Light red (light brown) band corresponds to the mass range
at 894 < z < zeq. Red (orange) band corresponds to the mass of axion stars associated with the QCD (string) axion. In ad-

range for the QCD (string) axion. The red solid line indicates diton, we have shown constraints over the PBH abundance.
In particular, extragalactic photon background (EG)

the theoretical maximum mass, M, that an axion star in : : :
the ground state configuration can achieve femtolensing (Femto) , white dwarfs in our local galaxy
(WD) and Subaru HSC data (HSC)
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EFFECTIVE PHOTON MASS =5

® In the not-quite-empty space of the interstellar medium, photons acquire an effective mass equal to the
plasma frequency as

4Tan n it
wf = f=—2 (6.4 x 107 1%eV)?
Me 0.03cm

= ConsiderinF the spatial distribution of n, and the fact that axion clump condensates are moving in the
galactic halo: w,(t) = w,f(t), where fft) is a non-periodic time dependent function of orden 1.

® The modified equation for the mode function of the vector potential for the homogeneous case is

$i + k24w () — gaywokg sin(wet)]s, =0

® Taking k = (my/2) and using as reference the amplitude ¢ evaluated for the case of a sech ansatz, we

have
a)z% 10~23
~ Sl So, we expect that the effect of the
(Gaywokdo) (42)10—19 effective photon mass in the
e resonance should be negligible
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HOMOGENEOUS CONDENSATES 33
Small Amplitude Analysis

® We begin by treating the axion field as homogeneous since this case is the simplest possible

The axion field is treat as a classical
oscillatory background:
@(t) = ¢pocos(wyt), where wy = my

In general such configuration is unstable to collapse
from gravity and attractive self-interactions:
Homogeneous Condensate — Clump Condensate

(Guth, Hertzberg, and Prescod-Weinstein, 2015)

® (Clearly, the equation of motion for 4,, decouple in k-space. Then, expressing A, in function
of vectors for circular polarizations and modes functions s (t) we have

A, + k24, — JayWoPoik X A =0 — § + [k2—gaywodg sin(wot)]s, =0

\ J
|

W3 () = Wh(t + 21/ wy)
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® In the parameter space of Mathieu equation (ME) there is a band structure of unstable (resonant)
and stable regions:
(McLachlan, 1947)

If the Floquet exponent, uy, , has a
s, (t) = Pi(t)etrt + Pp(—t)e MKt real part, the resonance occurs

GENERAL SOLUTION

® At small amplitude of weak coupling limit of (k/wq) > (gayPo/2), we have a spectrum of narrow
resonant bands equally spaced at (k/wg)?~ (n/2)? for n a positive integer.

® Expand the solution for each circularized polarization as: The band width and Floguet exponent
Sp (t) = 2 plwt o magnitude decreases as n increases
w Plug into ME and focus on lowest
frequencies (w = ftwqy/2 -
Slowing varyin auendes /2 . |A — a)_% —iE
g varying > i fwo/z 5 b 4 9 fwo/z
di W= o s sanlnes B i [|f-wor2
a
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Positive eigenvalues previous matrix

® The growth rate is:/ ux

® For R(ug) > 0 : Exponentially growing solutions

VAEREN 2 2 2_"0
S gayk2¢0 o (k 4)

2
2
@

4

~ e

2
W

(First instability band)
® For R(ug) = 0 : Instability band edges

g?zyw(z)(p(z) T gaywO ¢O

k*

k —
Aldaciy A 16 4
_ (wO/Z)\/l 4 gﬁyqb(z)/z ~ mg/2 Center of the band
Maxi gaym¢¢0
aximum Floguet Exponent = 4

35

Numerical Analysis
(Standard Floquet Method)

Floquet Exponent i [my]

1.0f
08 l
R 0.15
<06 |

) j 0.10
T |

=204

o - 0.05
=

= i

=
N

0.0
00 02 04 06 08 10 1.2

Wavenumber k [my]

Contour plot of the real part of Floquet exponent py, describing parametric resonance of

photons from a homogeneous condensate, as a function of wavenumber k and physical amplitude

@p. We plot ¢g in units of f, and k& & p; in units of mg. We have set go, = 0.4/ f, to illustrate the

bchavior, although in conventional QCD axions g,, = O(10-2)/f, which would give
narrower resonance bands.

(Hertzberg and Schiappacasse, 2018)
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SPHERICALLY SYMMETRIC CLUMP CONDENSATES 36

Vector Spherical Decomposition

® Since ¢ = ¢(r,t), the usual 3-dimensional Fourier transform of the equation of motion for the vector
potential is not the best way to proceed.

® \We prefer performing a vector spherical harmonic decomposition of 4:

h d3k 3
A(x, t) == J (27_[)3 Z[a’(k)vlm(k) t)Mlm(k, x) e b(k)Wlm(k, t)Nlm(k’ x)]
Im

® Again neglecting gradients of the axion field,

Here My,,,, N;,,, are vector spherical harmonics,
1ji(kr) A Y im -
BITES 470 = J1@+1) Lsin 6 Yim __m ] e
VXMlm: lkNlm VXNlm—llem

A—V2A+ g,V x [(0:0)A] = 0

¥
Z[(vlm + k? Uim — lkgayat¢wlm)Mlm(k N+ (Wlm + k? Wim + lkgayat(Pvlm)Nlm(k x)]

(27T)3

It can be solved numerically, but for any
arbitrary sum over {/,m}is quite complicated

ENRICO D. SCHIAPPACASSE — ONLINE NEWTON 1665 SEMINARS— ON MERGER OF AXION DARK MATTER CLUMPS



37

® We choose one resonant channel for simplicity.

® Taking axion field configurations which slowly vary in space and rewriting the axion spatial profile by
a 1-dimensional (real) Fourier transform

$ The system becomes simpler
to treat numerically

wio(k,t) = tivyo(k, t)

Channel |I=1,m=0

dk’' ~
Wio(k, t) + k*wyg(k, t) — igaywok sin(wgt) j%vw(k’; P4k —k')=0

(1) We compute the resonance structure numerically using Floquet Theory
(2) We use various choices of g,, and parameters of axion clump (R and

and IV*)
(3) We operate in the sech approximation on the stable branch:

P(r,t) = ©(r) cos(wyt) = \/mzd)‘ll(r)cos(wot) with wg = mg + p = my
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Numerical solutions show that the growth rate from a

38

* Here up = ggymePo/4 is the maximum

growth for the homogeneous case

1
* Here lege = 2R.
localized (spherically) clump is well approximated by : *
. . (Hertzberg, Li, Schiappacasse 2020)
,u*z Hyg — Uesc» U > Uesc - . : . :
0, ty < Hesc |
Taking the sech ansatz profile to set the axion field < 10
amplitude, the Resonance Condition reads : o 5
>
1/2 g(@]"”?
deyyFa > 0. 28 [ Z
1
0.5(, , , . . .
0.0 0.2 04 06 0.8 1.0
0(1072
In conventional QCD axion models, g4, = (f ) N /Ny max
a )
The resonance could be possible only in Parameter space for the axion-photon coupling Jayy [V 2F; ]

unconventional axions models or for couplings to
hidden sector photons .

(Daido, Takahashi and N. Yokozaki 2018)

with respect to the number of particles on the stable blue branch,

normalized to Nu max e Fam ~1/2]. Parametric resonance of

axion clumps into photons occurs in the upper right blue shaded
region.
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CLUMP CONDENSATES WITH ANGULAR MOMENTUM 33

® Clump condensates with non-zero angular momentum have a larger N, 4, (and field amplitude).

The angular momentumis L = (0,0, Nm) with N = 4w fooo dr r?|¥(r)?|
® \We take the field profile to be Y (x,t) = VATW ()Y, (6, @)e ™

® We look for states which minimize the energy at fixed particle number and fixed angular momentum

® As usual we make an ansatz for the radial profile W(7): For non-zero |, the structure for small r behavior
drastically changes in comparison to the |=0 case

-~ We need W(r) = W, r! — %Wﬁr”z + .-+ (near region)

e e 1 2 1(1+1 sy
|1 W = ——(LP” e —LP’) o )2 W (near region)

\ / 2mg £ 2mer

1\--’ — MODIFIED GAUSSIAN ANSATZ

I | i

. WPiryias o et b T Y A S (2RE)
It includes the gravitational term  These terms blow up whenr — 0 () 27T(l+%)!R3 (R) e
o . . N GmgN? AN?
The Hamiltonian is a generalization of the previous one for the H(R) = a S 5 e
[ = 0 case: constant coefficients (a, b, ¢) become {l, m}-dependent = mgR? LT i mgsz:”
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Field Pz = Wry/R3/N, versus radius #=71/R in the 40
modified Gaussian ansatz for different values of spherical
harmonic number [.

2.5 We plot Rgy (0.9N = 4 fOR% dr'r'*®(r")2), where 0.5
(a)I=m=0 Rgo = myp8/?Rgg and N, = |2|6/2N,. 1=0
2.0 (b) I=jm|=1 1 0.4} 1=1
S (¢) I=imi=2 =2
X 1.5} ; 9‘_{ 0.3}
9] o
S 1.0f © 0.2}
r L
0.5 0.1k
0.0 i . . . . 0.0 './ i . . — i:ﬂ:/'\"‘;:‘ S ——
20 30 40 50 60 : 0 1 2 3 4
Number N (Hertzberg and Schiappacasse, 2018 ) Radius 7
4000 1 Energy of clump solution versus number with non-zero angular
1 momentum parameter |m| = 2 for different values of . At a
2000¢ 1 fixed number N and angular momentum L, = Nm, this
1 illustrates that the configurations that minimizes the energy has
T 0 spherical harmonic number [ = |m| (whenever the solution
5 -2000F g, ] exists). Here H = |A|2/(m3VG)H and N, = my+/G |2].
) & ]
b) % N 1
I -4000f (a)1=2, jmi=2 A T . 1 At high I = |m|
(b) =3, [m|=2 e :
-6000f (c¢) =4, m[=2 € % 7
el L . 3 N 10.52 (13/2) . 0.141 (1*/2)
0O 20 40 60 80 100 120 T AW (n DY T T g 6 (In D)4
Number N
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Attractive Self-Interactions A <0 41

S e
o 0.5
Attractive Self-Interactions A <0 =
T ' | | ' S 04
— gay =01 " p = Max(puy — Uesc, 0) > |°
4 Gay = 0.15 =
~ ] o L
E{}‘?" 9ay = 0.55 ..' 3 0.3 o
- . O o]
= " c °
— . The minimum axion-photon 2 02} °
5 o coupling ggythat is necessary in _8 ' ‘0..
o 2t _-' order to have resonance from a 0,' ML TYN .
3 " clump condensate as a function & ( 1 “‘"u.uuu”..““
g o of its angular momentum |m| = <>':_< ceoeeq
=) . [. We plot in units of & We take c
8- 1 " .- ; fa 2 0 0 i
TH _- o*® N. = Nimax- VL . . . ,
x . ..0" 0 10 20 30 40 50
= .'- ..°°.. Angular Momentum |m| =/
0 [OOSR O000000000CRORRORROROS (Hertzberg and Schlappacasse’ 2018 )
0 10 20 30 40 50

Angular Momentum |m| =1/

The maximum real part of Floquet exponent u*, describing parametric
resonance of photons from a clump condensate as a function of its

angular momentum |m| = [. We plot u* in units of m¢\/§. This is for

attractive self-interactions with N, = N, - Here Ggy = ga\’/';f“.

By taking y = 0.3 and N, = N, jq, for high angular momenéum the
0mi3nimum axion-photon coupling is just gayy > Gayymin = fa_i/T with . =

For the QCD axion g4y, = 0(1072)/f,, we need rather
large angular momentum of [m| = 1 = 0(103)
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REPULSIVE SELF-INTERACTIONS o5

Repulsive Self-Interactions A>0

1.5 ® For repulsive interactions we have only A > 0 there is only 1 branch of
solution. This branch is stable and there is no a maximum number of
& particles.
s 1.0f
I'S~
S
t 0.5l (Hertzberg and Schiappacasse, 1805.00430 )
S . |
i'a i Repulsive Self-Interactions A >0 Repulsive Self-Interactions A >0
. . iy . 3.0 : . .
0.0 _ _ _ é—- — \:: 10 ‘;,v - T
0 5 10 15 20 ° Iyw 20 © 251  —— Gay =08
g 3 — N = 40 & -
Number N [171672] = E Jay =1
=1 '3 2.0
E =
o 0}
5 2| c 1.5
o3 3
The maximum real part of Floquet exponent u*, ) 3
describing parametric resonance of photons from a § @ 1.0}
spherically symmetric clump condensate, as a g 1f o
function of axion-photon coupling ggy, . (Left) We E U_C_) 05
plot * in units of m¢\/§ » ayy in units of %’ and g é
N, = N,/(|A|V6&). (Right) We plot u* in units of 0””‘”‘”" . ’ . ) _ 0.0 preooonrnnanones . : ]
mgV& and N,in units of |A|7167/2. Here Jgyy = 00 02 04 06 08 10 12 14 0 5 10 15 20
Jayyfa/ Y- Axion-Photon Coupling ga, [y"?/f.] Number N [4167"2]
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|NTERFERENCE EFFECTS a|&(o,§,z)|zaﬁ=s.a . 190y2)|%atts . |§(0.5.2) | * atT=6.6 43

1b) 1c)
2
2
1
0 0
-1
-2
» ¢ -2
-3 -4k,
3 4
2b) 2)
2
2 ] 2
> 0 0 0
_2 -1
-2
N 2 =
(~ F 2 _ T, 2 52 5232 .5 : : . : : - -4k
D E Eine)|* = 212 + 72 + 22)|?|1 + cos(20;Z + 6)) S ——
3a) 4 3b) 3¢
4 , )
2 ] 2
> 0 0 0
* For a phase difference different to @ clumps merge - | 2
T S R -
, . -3 _4k
3 4
al = 4b) 4c)
: Head-on collision between two clumps in their ground state configurations both ) 2 )
with a number of particles N, = 4.55418 but different phase differences: 6 = 0,7/2, 37/2 1
and 7 for the rows (1,2,3,4), respectively. For all cases, the center of mass of the two clumps = 0 0 10
are initially separated by a distance equal to 225 = 12 and have an initial velocity v; = 1. > 1
-2
i > @ |- - »
(Hertzberg, Li, Schiappacasse 2020) - A | )
-4 -2 0 2 4 3 -2 -1 0 1 2 3 -4 -2 0 2 4
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NON-HEAD-ON COLLISIONS

Non-head-on collision between two clumps that are originally in their ground
state configurations; both with a number of particles N, = 4.55418. The center of mass of
the two clumps are initially separated by a distance equal to \/(2%)2 + (279)2 = V122 + 22

(Hertzberg, Li, Schiappacasse 2020)

and have an initial velocity in the Z-direction equal to vz = 0.5.
9,02 (%,0,2)|? |§(%,0.2)| >
T T T T T T T T T 4_' T T
4_ a) i’ = 574 1 . 4_ b) { = 738 ] » C) ht‘ = 82 100
ol g -7 | * The coalescence process
takes longer in
i 1 125 & r . ! 0' 1 30 o
>0 > 0 ” comparison to the head-
ol ) on collision case.
- - i -2t
41 1 4 ] = * After merger, the
process at which the
4 4F - - - " r - - - , - .
d)t=9.02 e)t=16.4 ’ fi=82 resultant clump settle
2} ] downs to the ground
2 . 2r 0 ‘ ]
A ] state by releasing the
4 excess of particles is
> 0 > 0f : > of j o
similar to those for the
-1 ] head-on collision case
-2 050 -2 0 2
-2t
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