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‘wave-like” DM

Magnets, superconducting cavities,
atomic clocks...DM acts
ike an oscillating external source
of fixed but unknown frequency
for any guantum-mechanical system
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Coherence length

We only know two things about DM: its mass density and its typical velocity

p~ 0.3 GeV/cm® vo =~ 1077
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DM lighter than this can't be a fermion. Two possibilities:
- spin-0: axion

- spin-1: dark photon

Focus on axions this lecture: well-motivated, technically simpler (no polarization)



~leld description

Classically, spin-0 fields satisfy the Klein-Gordon equation:

(

+m?)a(x,t) =0

It we look at the spatially-homogeneous part (set gradients to zero):

(07 + m2)a(t) =0 = a(t) = ag cos(mat + @)

Fix ay by equating energy density in field to p:
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(KG Lagrangian -> energy-momentum tensor -> TV = P)

“standing DM wave” oscillating at fixed but unknown frequency



Coherence properties

Any plane wave is a solution to the KG equation,
and therefore, so are their superpositions:

1 1
a = ay [COS { (ma + ima?ﬂ) t+mgv - X} + cos { (ma + ima(v + Av)2> t+mg(v+ Av) - X}]

At a fixed time (say t=0), at what distance do they dephase?
27T

mAV

Ao ~

note: not the dB wavelength!! velocity dispersion

At a fixed place (say x=0), after what time do they dephase”

2T In typical virialized galaxies, v ~ Av ~ v
mu\v But we will see when this distinction matters!
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How do axions interact?

shotons nuc_\ear neutron
QEM sSpINs EDM
Garry fa ga,NNINl/fa gd/2'4><1016e-cm
Axion Jo
mge ~ 1077 eV (1016fGeV>

—or QCD axion, only one free parameter!

While strong-CP is a great motivation, let’s think broadly.
For this lecture, “axion” can vary mass/coupling relation



What should we measure”?
V20

™

a(x,t) = cos(mt + O(v)x)

In axion DM background, get oscillating observables:

OE, da Oscillating
V X Ba — Y Javy~y (EO X Va — BO((%> } respons_e
from static
V- -E; =—gasyyBo - Va fields
Hy D gaNNVCL - 5N Spin-dependent force
dy, = gaa Time-varying EDM

Note: Va ~ v~ 1073 sO some are easier than others



Clectromagnetic searches

oE, 0
VB, = 57 gaWBO 8? Cavity regime: )\Comp ~ Rexp
— e.g. ADMX
9) DA 0
V x B, = /3]%5/ gaWBo (;tb Quasistatic regime: Acomp > Fexp
—— e.g. DM-Radio
Jeff

oK, 0
V//Ba — By gaWBO(?_? Radiation regime: Acomp <K Rexp
e.g. MADMAX

DM deposits power in an experiment, so the object we need is
the power spectral density (PSD).
Following arXiv:2408.04696, let's calculate that carefully.



Quantum vs. classical

The universe is described by quantum field theory.
The axion field is a quantum field, like everything else:

d°k 1 "
t,X) = e T + h.c.
a(t,x) / PISEING (axe + h.c.)

This is a bunch of harmonic oscillators, so a convenient (overcomplete)
basis is that of coherent states (eigenstates of annihilation operator):

ax|o) = ouclou)

For each mode K, write the density matrix in this basis:

A not guaranteed positive-definite!
P = /d&k P(&k>‘ak><ak| ’ notaprc?bability!



Quantum vs. classical

However, arXiv:2408.04696 and follow-ups showed that every
detector effectively coarse-grains the tield such that
the observed P-function is positive-definite:

e—lar|”/Ni
ﬁk = /dZOzk N ]ak)<ak|, N > 1
——— Wave-like DM Is a
Plo) “classical field”:
operators ay, replaced by
Z \/m (a e Hwrt=k@) 4 ¢ c) c-numbers oy

(lo]?) = Nk free field has Gaussian statistics

3 P istribution - +v distributi
Ny = (27)° —p(k) momentum @stnbuhon -> v.elolcnly distribution
Mg In non-relativistic limit



Autocorrelation function

As a step toward computing the PSD, let's compute
how the axion field is correlated with itself in time and space

1 . .
alrt) = Oékfi_m.aj —+ on 67]{.31j S t
=2 v T =)
(7, d)) = (a(z")a(a" + d")) d" = (7,d)
1 b S 1 * 1
: kzg Vg (e T Ok (e age™)
— <‘ak‘2> cos(k d) each mode is statistically independent
" Vwk
= é\g{ cos(k - d)
k



Continuum limit and PSD

B Ny P 3, P(k) L
(I'(7,d)) = zk: Vo cos(k - d) — -~ /d k ™ cos(wkT — k - d)

At zero spatial separation (d = 0) and non-relativistic limit
(0 = m,, K =~ m_v)we have

(0(r)) = - / d f(v) cos (ma (1 . 2> )

Wiener-Khinchin theorem from spectral analysis gives average PSD:

sen=2 [ armpesr =D g
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exponentially-

Galactic archaeology

distioued with the PSD
amplitude
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What about two detectors?

(Se,d.,(W)) x /dﬂvf(v) cos(MmgVv - X)

v:\/Qw/ma—Q
Cross-spectrum depends on separation compared to coherence length:
v ~ 2n/(m,v) ~ 1700 km for m, = 107 eV

—axm, =0

i inside a
-' Aerence length  —an-w

-==- Theory

at a coherence length:
strong interference
effects!

So,0,(w) (arbitrary units)

outside a coherence length

N

—0.000001 0.000000 0.006001 0.006002 0.006003 0.000004
w/mg — 1



Axion interferometry

Compute the multi-detector PSD by discrete Fourier transform this time:

a;(w) = ji Z (nAt,x;)e” wnat

Expand correlation in real and imaginary parts:

(Ri(x1)Ri(x1)) (Rr(x1)Ik(x1)) (Rr(x1)Rr(x2)) ... (Rr(x1)Ix(xn))]
(x1)Ri(x1))  (Te(x1)Ie(x1)) (Te(x1)Rr(x2)) ... (Tk(x1)Ie(xn))

_<Ik(XN).Rk(X1)> I (xa ) Ik (x1)) (Ti(xn)Ri(x2)) - (Le(xa)Lr(xar))
The diagonal pieces just give the speed distribution. The off-diagonals are new:

Fii(v) = /d?’vf(v) cos(mqV - X;;)0[|v| — v, Fii(v) = /d?’vf(v) sin(mqVv - X;;)0[|v| — v].
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Daily modulation

Since the off-diagonal covariance depends on the direction of v,
they change as the DM wind rotates throughout the day!
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Parameter estimation

Say we see a signal at two detectors. How well can we measure
the polar angle of the DM’s boost by the solar system velocity”?
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Best sensitivity when detectors are separated by O(1) coherence length
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summary

Ultralight bosonic DM with 1 | |
. Y —ik-x x 1k-x
macroscopic phase space a(z") = Z Vo (oxe 3
occupancy is a classical k
Gaussian random field
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out speed distribution, sensitive
to annual modulation ’

(Sea — Ap) [eV7]
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