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Axions

@ Scalar particles
o Possible mass range m, ~ 10722 — 1076 eV

@ Weak interaction with rest of standard model
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Motivation: Particle Physics

e Solves strong CP problem [Peccei and Quinn, 1977]
e Mass around 10719 < m, <1072 eV
e Referred to as ”QCD-axion” (QCDA)
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Motivation: Particle Physics

Standard model

e Solves strong CP problem [Peccei and Quinn, 1977]
e Mass around 10719 < m, <1072 eV
e Referred to as ”QCD-axion” (QCDA)

String theory

e Generated by compacted spacial dimension
[Svrcek and Witten, 2006]

o No limit on mass, extrapolate to 1072 <m, < 10718 eV
o Referred to as ”Ultra Light Axions” (ULA)
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Motivation: Cosmology

Possible Dark Matter candidate

e Very weak interaction with standard model

e Low mass — produced abundantly during early universe
@ Mimics CDM on large scales

@ But solves problems with CDM on small scales:

o Cusp-core problem [Hu et al., 2000]

o Core stalling (e.g. Fornax dwarf galaxy) [Lora et al., 2012]
o Missing satellite problem [Marsh and Silk, 2013]

e etc.
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Density wake

Overdensity for R,=4, wt=0.00
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Introduction

What is Dynamical Friction?

o A perturber (Planet, Black Hole, etc.) moves through continous
homogeneous medium

@ Due to gravitational pull it will start dragging material behind id

o The wake will exert a gravitational pull back onto the perturber

v

Brief History

e [Chandrasekhar, 1943] for the DF force by an homogeneous and
isotropic distribution of stars

o [Ostriker, 1999] extended to other media using linear response
theory

o [Hui et al., 2017] considered linear motion in FDM
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Schrodinger equation

Schrodinger equation

W0 = —

2myg h
Ac®o=4rGp,  p=l
Ar®, = 4rGMh(t)5P (r — r,(1))
with r,(t) = (rg cos(Qt), rosin(Qt), 0)

Robin Biihler (Technion) DF in FDM June 2023 10 /27



Madelung formulation

Madelung approach

[Madelung, 1927] .
) = \/—pezﬁ
v=—V.,0

Mg
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Madelung formulation

Madelung approach
[Madelung, 1927]

w: \/—peia

p—p+dp oz(r,t)zp(r’t) — |
vV = V+v

hs]l
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Madelung formulation

Madelung approach
[Madelung, 1927]

v=0and &; =0
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Green’s function

Fourier space
Used for calculation of DF

kJo k4/ R — (@ + i€)?

. . . . Qr2
with dimensionless radius Rq = %l = 2o
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Green’s function

Fourier space
Used for calculation of DF

. . . . Qr2
with dimensionless radius Rq = %l = 2o

Overdensity

a(r,t) = 4rGM / dt'Gret(r — ('), t — 1)
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Dynamical Friction

Newton’s Equation

Fpr(t) = GMp / du3m—__l‘l‘|3
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Dynamical Friction

Newton’s Equation

For(t) = GMp / du3|lf:j”(($)—_l‘l‘|3 alu, t)

:47r(GM)2ﬁ lim, du? /dt’//
k

I'p(t) —u ¢ (k (u—rp(t"))—w(t—t")

ep(t) — uP F4/R2 — (@ + ie)?
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Dynamical Friction

Newton’s Equation

For(t) = GMp / olu?’hf:j”((tt))_lll‘|3 alu, t)

:47r(GM)2ﬁ lim, du? /dt’//
k

I'p(t) —u ¢ (k (u—rp(t"))—w(t—t")

Jrp(t) — uP B4R — (@ + de)?

3u iuk

e Fourier transform of Coloumb potentlal [ du? etk = 47rik—k2

o Reyleigh expansion for exponent e’<* = dum=Y" (k)Ym( )i (kr)

e Helicity decomposition
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Dynamical Friction: Results

(l—m)' Sl,lfl(m’RQ»t)_Sljfl(m+1zRﬂvt)
=2 Yt ()" ((=m=2)! p(==m)r (14 52 r (=L ra+ B

Scattering amplitude
Sl,l—l(m7 RQ) t) =

. (o) ~ 7 ~\ ,i(m— —k &
lime_yor [ [ d7 h(F — 7) elm=9)7 [ gk kJ};”éwfw))g
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Steady state

Perturber is rotating for infinite time (h(t) = 1)

Fully analytic solution

Multipole expansion converges quickly

Displays an infrared divergency
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Steady state: Comparison to gas
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Finite time

Perturber starts rotating at t =0 (h(t > 0) = 1)

No analytical solution

Displays an infrared divergency

Does not converge to steady state within finite time
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Finite time

1.0m 2.0 3.0 4.0m 5.0m 6.0 7.0m 8.0

"num”: numerical with velocity dispersion ; ”sty”: steady state ;

"ftp”: finite time
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Binary: Steady State

EEe—————1————"_ e : Seeeea

Re(I(Rq))/Rg?

0.2

0.3
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Binary: Steady State

Im(I(Rq))/Rq
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Orbital Stagnation

Orbital stagnation
e DF leads to orbital decay

o DF for binaries can switch sign — stable radii

@ Use loss of angular momentum
= System exhibits stable radii

Robin Biihler (Technion) DF in FDM June 2023



Orbital stagnation

103
102

10°
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o Axions are well motivated DM candidate

o Fully analytical steady state solution

o Infrared divergence

No exact time-convergence

DF for binaries can switch sign = Stable orbits
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Summary

Summary

o Axions are well motivated DM candidate

Fully analytical steady state solution

Infrared divergence

No exact time-convergence

DF for binaries can switch sign = Stable orbits

Thank you for your attention!
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Finite time: Convergence
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Finite time: Divergence

[\)

g}min:O-l
Emin:0.2 -
]fmin:0~3 =
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Comparison Velocity dispersion

y/ro
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Comparison Velocity dispersion
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Orbital decay

CDM FDM linear FDM circular
n | 7o M C T C T Ro | SU) | 7
1 | 760|037 429 | 112 | 2.46 | 215 | 17.8 1.46 | 362
2 | 1.05|182]332| 9.7 | 1.88 | 12 | 10.08 | 1.64 | 14
3 1043 |3.63 | 245 |0.62 | 0.29 2.2 1.94 0.39 | 1.63
4 10241132250 0.37|0.033| 10 | 0.62 | 0.078 | 4.23
5

C

7.79 | 1.76 | 3.46 | 21.3 | 2.32 31 | 1558 | 141 51
olumn ”CDM” and "FDM linear” taken from [Hui et al., 2017]
ro in [ Kpc] ; M in [105Mg)] ; 7 in [Gy1]
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DF on circular orbits
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Single perturber: Steady state

Steady state

[#1and m#0

S5 1, Ra) = 12 [i(v/mRa) W, (/)

+ \/%Rgfm/z (VmRo) K12 (v mRﬂ)]

v
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Single perturber: Steady state

ty 3TR%
Sii’1(0, Re) = 18 — 8012 + 3214

v

© dk .- -

S F) = B [ S Bi(E)
RQ ~
= 4 — Amkd, + (4kk, — 2k2, — 4) cos(2kmin
401{;?[1111 |: min ( min min ) ( )

o Fin (22, — 3) $10(2min) + 8535301 (2fin) |
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Single perturber: Finite time

/ h(E — 7)em=@)7 = 1im

=0t i(m — & — in)

For all [, m

SiiP1(m, Ra,t) = S} (m, Ro) + S{3*, (m, Ro, t)

a RQ imt > di;: AN 1.
S (m, R t) = ~ e [ Sy

e—i(k?/Ro—ie)t ci(k?/ Ro+ie)t
ol = aF -
<k2/RQ—m—ie k2/R9+m+ze)

<
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Single perturber: Finite time

[#1and m#0

T Ro i Oodf( . AN\ 2N N~
Siity = _7€zmt/ 7[}1((1+Z)x)ﬂ_1((1ﬂ)x)

— (1 = )R (Q = 1)9)]
¢~ 2%%/Ro

" 2ix2/Rg + m + i€

v
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Binary perturber: Steady state

[#1and m#0

b
‘S‘l];l—l(mu RQ) =
&Y (gav/mRa)ji_1 (9v/mRg) (da > @)
i Kyp1/2(gavmRa)l_1/2(qvVmRq) + a2 ]
@ ‘ \/Qa(IZ{lT)LRQ g5t Im|Re
4 ~[5/(gqavmRa) ", (gpv/mRq) (da < @)
+i Il+1/2(anmRQ)Klfl/Q(Qb\/mRQ)]
V4aqymRo
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Binary perturber: Steady state

‘Szzl:l(m? RQ) =

11 AB+4(2+D)) gt +2(9—412)q2 g2+ (3+41(1—2)) g}

TR RQ(Z_Z) ; (9—240l2+1614)q§ (qa > ap)
ol (20-3)g2—(21+3)
4 _RQ(Z_b)l 9—:50l2+16l4 . (qa < Qb)

Robin Biihler (Technion) DF in FDM June 2023



Binary perturber: Steady state

[=1,m=0and ¢ > ¢

b R,
S5 (0,Rg) = ——=——+——
Li-1 240kr5mnq%q2
+ l;;?nin

+ kming1 c08(kming1)[2 (k

{ﬂ-];:?ninQQ( — 15¢7 — 10giq3 + Q§)

rznin (2(]% =+ qg) — 12) Sin(kminq2)

+ ];;minq2 (l’%anin (11(]% + qz) - 6) COS(];miHQZ)]

+ 2 Sin(kmin(h) |:kminq2 (lz:?nin (7q% - q%) I 6) COS(kmeQ)
+ (fvfnm (—4ai — 94165 + 42) + kinin (847 — 2¢3) + 24) i

[(3(12 — 4)(1 — 2¢2)*Si(Fmin — 2kming2) + (4 — 5q2)Si(l;:min)}

kminq2)
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Binary perturber: Steady state

=1, m=0and ¢ < q1

N
240k3 . q3qo
+ R [ (822 = 4)(1 — 202)Si(Fmin — Zhimings) + (4 — 502)Si () |

+ 2lz‘lmin COS( mlnq1)[ ( 3]{;1211111(]2 + kmln + 6g2 — 6) Sln(krninq2)

57,’11)—1(07 Rq) = {47Tl~€§5mn(Q2 — 1)3(6(15 —2qo + 1)

+ ];min (11k1?n1n —6)q COS meQ ]
< 25111 mlnq1 4 (kIZn ( min 4QQ - 1) 46]2 aF 2) aF 6) Sin(%min(h)
+ kmln (7]47?11111 +6)q COS me2 ]

+ 2kr2nan2[< mln(2(17 6(]2) q2 — 33) + 6) COs(kmln - 2lz;minq2)

o 2%min(3q2 - 7) Sin(%min - 2%minq2)]
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Elliptical orbits

Coordinate change
t(n) = Q_l(n — esinmn)
rp(n) = a(cosn —e) x+aV/1—e2sinny

ia

rp(n)—rp(') = xe(n) —re(i) — 5 (1= V1 =€) (sinn' —siny) (e4 +e-)

+oo
/ dn Q7! (1 — ecos ?7/)
. 1Y B il (e () () —ieo ()~ (')
) e

-G(k,w)
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Self-gravity

Add Self-gravity

¢ = o+ bp
Vi¢ = 4nGp + 4nGM h(t) 6"(rp(t) — 1)

Modified scattering amplitude

o0 o . k; . k
S (myRe) = lim [ db eV R)
, e—0+ Jo k4/R?2 — (m +i€)? + kj2
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Self-interaction

Modified Schrodinger equation
h m 4rhag

S i

> Pk Gi(B)j_y (k)

~ 0t Jo k4/R2 — k2 — (m + ie)?
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Self-interaction

imRq

2/ A2 + 4m2

Sii1(m, Ro) = [ (@) A, (A0

+ ﬁﬁﬂ/z(:\(z))f{l—m (5\(2))]

we.%ﬁ+ﬁum9
@ — %\/5\_ \/ X2 + 4m?
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Self-interaction

S (0, Ro) = [Jl (RaV2) KLY (Ra V) +

+ g7 1]
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Orbital stagnation

Angular momentum

dL
= =X (1Fpr2 — @2Fpr1)
t
L=1z
I?2 = GM2/M“0

Equation for radius

dT‘o G""5
d?“o . GT?E 8 To -3 To 52 o~ o~
o s |Eie ) Tln) (@) +es@)
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