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Rare collisions, energy  
deposits scale  
with DM mass

Elementary 
particle

⇢
“particle-like” DM 

(Tongyan’s lecture)
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quantum-classical approach used for the simulations of the
photoisomerization of polyatomic molecules are described in
Sec. III. The results obtained are presented and discussed in
Sec. IV. In Sec. V we summarize the results obtained.

II. BASIC ASSUMPTIONS

Two models were suggested in the literature to explain
the mechanism of the photoinduced isomerization of trans-
stilbene and similar systems and to simulate the correspond-
ing experimental data.14–19 In an adiabatic model,14,15 see
Fig. 1, one assumes the existence of a small barrier on the
first excited state !S1" and fast intramolecular vibrational en-
ergy redistribution !IVR", so that the Rice–Ramsperger–
Kassel–Marcus !RRKM" model can be used to calculate the
reaction rate.20,21 The adiabatic model was successfully
applied to the description of the molecular beam
experiments18,22 and an effective barrier height was esti-
mated to be about 1200 cm−1. However, the pressure depen-
dence of the reaction rate is not well reproduced and its
description requires the introduction/assumption of a “pres-
sure dependent barrier,” without any physically clear picture.
In particular, at low pressures the theoretical model fits rea-
sonably well to the experimental data,23,24 but at pressures
above 5 bar the experimental rate constant levels off at
20–30 ns−1, while the theoretical high-pressure limit24 is at
76 ns−1. Alternatively, a nonadiabatic model involving the
transition to another excited state was suggested16–19 in order
to explain the photoisomerization mechanism. This model is
supported by the fact that the twisted conformation of stil-
bene, where the radiationless transition to the ground state
takes place, belongs to the distinct electronic state !S2" char-
acterized as the doubly excited or zwitterionic state.16–19

The origin of the small barrier in the adiabatic model for
the twist around the central ethylenic bond, which is also
assumed to be the reaction coordinate, is not clear. A bond
length is typically a good qualitative measure for the electron
density located on it and for the associated barrier height of
the torsional motion around it. The longer the bond length,
the lower the barrier, and vice-versa. A series of accurate
quantum-chemical calculations !done by us with the GAMESS

U.S. software at the MCSCF level" show !see Table I" that in

the ground state the central ethylenic bond !C7uC8 in
Fig. 2" of trans-stilbene has a double bond character with the
length of about 1.36 Å #this is in good agreement with pre-
vious reported values for this bond, of 1.354/1.33 Å !Refs.
25–28"$, whereas the neighboring ones !C2uC7, C8uC9"
have more a single bond character with the length of about
1.47 Å !1.483/1.45 Å according to Refs. 25–28". As a result,
the direct twist around the central bond in the ground state
has a large activation barrier, while the potential energy sur-
face for the twist of the phenyl rings is flat in the range of
about 30º.29,30 The results of the bond lengths for trans-
stilbene molecule are also summarized in the Table I.

On the other hand, in the first exited state the corre-
sponding lengths are estimated to be 1.40 Å !1.432 Å ac-
cording to Refs. 25–28" for the central ethylenic bond
!C7uC8 shown in Table I" and 1.41 Å !1.419 Å according to
Refs. 25–28" for the neighboring ones !C2uC7, C8uC9",
which is in between the single !%1.5 Å" and the double
bond character !%1.35 Å". As a result, the twist around the
central bond is still expected to have a considerable barrier.
In this state the molecule still maintain the planar
configuration.25,31

Finally, our quantum-chemical calculations have shown
that in the doubly excited state the central bond has the
length of 1.45 Å, shown in Table I, which is closer to the
single bond character. Thus, in the double excited state the
twist around the central ethylenic bond could be almost bar-
rierless.

Thus, the nonadiabatic pathway of the photoisomeriza-
tion, involving the preliminary transition from S1 to S2 state
within the planar geometry of trans-stilbene, should be fa-
vored over the direct twist around the central bond in the S1
state. In this case the twist around the central bond is not
considered as the rate limiting step, and the reaction coordi-

FIG. 1. Schematic representation of the adiabatic model for the trans-cis
photoisomerization of stilbene and stilbenelike molecules. It assumes the
existence of a small barrier in the first excited state PES and fast IVR.
Activated barrier crossing is assumed to be the rate limiting step, a radia-
tionless transition into the ground state takes place from the twisted confor-
mation, which nevertheless belongs to the distinct electron PES.

TABLE I. In this table are given the bond lengths for the central ethylenic
bond !C7uC8" and for the neighboring ones !C2uC7, C8uC9" for trans-
stilbene.

Trans-stilbene electronic
structure calculations

Bond lengths

C2uC7 C7uC8 C8uC9

Ground state !S0" 1.47 1.36 1.47
First excited state !S1" 1.41 1.40 1.41
Second excited state !S2" 1.39 1.44 1.39

FIG. 2. Schematic representation of trans-stilbene and its bond lengths for
the ground !S0" state. Carbon atoms are represented through gray balls,
whereas the hydrogen atoms through white balls.

134109-2 D. C. Tranca and A. A. Neufeld J. Chem. Phys. 132, 134109 !2010"
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Figure 1: Left: our indexing of the carbons in trans-stilbene, which follows the convention in
Ref. [6]. We place the (x, y) coordinate origin at the center of the 7–8 double bond, with x̂ and ŷ
unit vectors pointing to the right and up, respectively, with ẑ pointing out of the page. The long
axis, defined by r12 � r3, is o↵set by about +7.280� with respect to the x̂ direction. Right: the
bond lengths for the ground state according to Ref. [1].

2 Properties

2.1 Structure

The bond lengths themselves change for the excited states, so that the S1 state has roughly equal
6–7, 7–8 and 8–9 bond lengths of about 1.40Å. We ignore this detail and use the ground state
geometry for our rate calculation, including the excited states. We also neglect the percent-level
deviations in bond lengths within the aromatic rings, setting

Ra = 1.40Å, R6–7 = R8–9 ⌘ Rs = 1.47Å, R7–8 ⌘ Rd = 1.36Å (39)

for the aromatic rings, the o↵-center single bonds, and the central double bond, respectively. In
each molecule there is a 10� or 3� twist between the two phenol rings [5], which is close enough to
zero that we approximate the stilbene molecule as being entirely planar.

In terms of Ra, Rd, and Rs, the locations of the nuclei Ri=1...14 in the (x, y) plane are

R8 = Rd(
1
4 ,

p
3
4 ), Rj=9...14 = Rr +Ra(cos�j, sin�j), Rj=1...7 = �R15�j, (40)

where

�j=9...14 =
⇡(12� j)

3
, Rr = R8 + (Rs +Ra)(1, 0). (41)

Rather than using Angstroms, the numeric code uses units of Bohr radius a0,

a0 = 0.529177 Å. (42)

2.1.1 Crystal Structure

Trans-stilbene forms monoclinic crystals, with the space group P21/c. The crystal axes are typi-
cally labelled by vectors (a, b, c), where a · b = b · c = 0 are orthogonal; a and c are not orthogonal,
with an angle � between them [7]:

a = 12.287(3) Å, b = 5.660(2) Å, c = 15.478(5) Å, � = 112.03(1)�. (43)
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Collective effects

Magnets, superconducting cavities, 
atomic clocks…DM acts 

like an oscillating external source 
of fixed but unknown frequency 

for any quantum-mechanical system

2



Coherence length
We only know two things about DM: its mass density and its typical velocity
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ωdB =
2ε

mv
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(
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m
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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)
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Field description
Classically, spin-0 fields satisfy the Klein-Gordon equation:
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(↭+m2
a)a(x, t) = 0

If we look at the spatially-homogeneous part (set gradients to zero):
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(ω2
t +m2

a)a(t) = 0 =→ a(t) = a0 cos(mat+ ε)

Fix  by equating energy density in field to :a0 ρ

(KG Lagrangian -> energy-momentum tensor -> )T00 = ρ

“standing DM wave” oscillating at fixed but unknown frequency
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Coherence properties
Any plane wave is a solution to the KG equation, 

and therefore, so are their superpositions: 
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a = a0

[
cos

{(
ma +

1

2
mav

2

)
t+mav · x

}
+ cos

{(
ma +

1

2
ma(v +!v)2

)
t+ma(v +!v) · x

}]

At a fixed time (say t=0), at what distance do they dephase?
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ωc →
2ε

m!v
note: not the dB wavelength!! velocity dispersion

At a fixed place (say x=0), after what time do they dephase?
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ωc →
2ε

mv!v
In typical virialized galaxies, . 
But we will see when this distinction matters!

v ∼ Δv ∼ v0
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How do axions interact?

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

Axion
ma ⇠ 10�9 eV

✓
1016 GeV

fa

◆
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<latexit sha1_base64="zOFenPQ0vm2kjyTlsQnjwMS2p2I=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCLosunFZwV6gDeFkOkmHziRhZiKEUF/FjQtF3Pog7nwbp20EbT0wzMf/n8Oc+YOUM6Ud58uqrK1vbG5Vt2s7u3v7B/bhUVclmSS0QxKeyH4AinIW045mmtN+KimIgNNeMLmZ+b0HKhVL4nudp9QTEMUsZAS0kXy7HvkF4GEEQvxcU99uOE1nXngV3BIaqKy2b38ORwnJBI014aDUwHVS7RUgNSOcTmvDTNEUyAQiOjAYg6DKK+bLT/GpUUY4TKQ5scZz9fdEAUKpXASmU4Aeq2VvJv7nDTIdXnkFi9NM05gsHgozjnWCZ0ngEZOUaJ4bACKZ2RWTMUgg2uRVMyG4y19ehe550zV8d9FoXZdxVNExOkFnyEWXqIVuURt1EEE5ekIv6NV6tJ6tN+t90Vqxypk6+lPWxzdJE5SG</latexit><latexit sha1_base64="zOFenPQ0vm2kjyTlsQnjwMS2p2I=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCLosunFZwV6gDeFkOkmHziRhZiKEUF/FjQtF3Pog7nwbp20EbT0wzMf/n8Oc+YOUM6Ud58uqrK1vbG5Vt2s7u3v7B/bhUVclmSS0QxKeyH4AinIW045mmtN+KimIgNNeMLmZ+b0HKhVL4nudp9QTEMUsZAS0kXy7HvkF4GEEQvxcU99uOE1nXngV3BIaqKy2b38ORwnJBI014aDUwHVS7RUgNSOcTmvDTNEUyAQiOjAYg6DKK+bLT/GpUUY4TKQ5scZz9fdEAUKpXASmU4Aeq2VvJv7nDTIdXnkFi9NM05gsHgozjnWCZ0ngEZOUaJ4bACKZ2RWTMUgg2uRVMyG4y19ehe550zV8d9FoXZdxVNExOkFnyEWXqIVuURt1EEE5ekIv6NV6tJ6tN+t90Vqxypk6+lPWxzdJE5SG</latexit><latexit sha1_base64="zOFenPQ0vm2kjyTlsQnjwMS2p2I=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCLosunFZwV6gDeFkOkmHziRhZiKEUF/FjQtF3Pog7nwbp20EbT0wzMf/n8Oc+YOUM6Ud58uqrK1vbG5Vt2s7u3v7B/bhUVclmSS0QxKeyH4AinIW045mmtN+KimIgNNeMLmZ+b0HKhVL4nudp9QTEMUsZAS0kXy7HvkF4GEEQvxcU99uOE1nXngV3BIaqKy2b38ORwnJBI014aDUwHVS7RUgNSOcTmvDTNEUyAQiOjAYg6DKK+bLT/GpUUY4TKQ5scZz9fdEAUKpXASmU4Aeq2VvJv7nDTIdXnkFi9NM05gsHgozjnWCZ0ngEZOUaJ4bACKZ2RWTMUgg2uRVMyG4y19ehe550zV8d9FoXZdxVNExOkFnyEWXqIVuURt1EEE5ekIv6NV6tJ6tN+t90Vqxypk6+lPWxzdJE5SG</latexit><latexit sha1_base64="zOFenPQ0vm2kjyTlsQnjwMS2p2I=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCLosunFZwV6gDeFkOkmHziRhZiKEUF/FjQtF3Pog7nwbp20EbT0wzMf/n8Oc+YOUM6Ud58uqrK1vbG5Vt2s7u3v7B/bhUVclmSS0QxKeyH4AinIW045mmtN+KimIgNNeMLmZ+b0HKhVL4nudp9QTEMUsZAS0kXy7HvkF4GEEQvxcU99uOE1nXngV3BIaqKy2b38ORwnJBI014aDUwHVS7RUgNSOcTmvDTNEUyAQiOjAYg6DKK+bLT/GpUUY4TKQ5scZz9fdEAUKpXASmU4Aeq2VvJv7nDTIdXnkFi9NM05gsHgozjnWCZ0ngEZOUaJ4bACKZ2RWTMUgg2uRVMyG4y19ehe550zV8d9FoXZdxVNExOkFnyEWXqIVuURt1EEE5ekIv6NV6tJ6tN+t90Vqxypk6+lPWxzdJE5SG</latexit>

↵EM

fa
<latexit sha1_base64="OQp519EW5gSdsACXYLymUJUTn2Q=">AAACBHicdZDLSgMxFIYz9V5voy7dBIvgqkyK2HZXFMGNoGBtoVOGM2mmDc1cSDJCGWbhxldx40IRtz6EO9/GjK2gogcCH/9/Difn9xPBlXacd6s0N7+wuLS8Ul5dW9/YtLe2r1WcSsraNBax7PqgmOARa2uuBesmkkHoC9bxxyeF37lhUvE4utKThPVDGEY84BS0kTx71w0k0MwFkYzAy1wZ4tPzPM8CD3LPrjhVx3EIIbgAUj9yDDSbjRppYFJYpipoVhee/eYOYpqGLNJUgFI94iS6n4HUnAqWl91UsQToGIasZzCCkKl+9nlEjveNMsBBLM2LNP5Uv09kECo1CX3TGYIeqd9eIf7l9VIdNPoZj5JUs4hOFwWpwDrGRSJ4wCWjWkwMAJXc/BXTEZhUtMmtbEL4uhT/D9e1KjF8eVhpHc/iWEa7aA8dIILqqIXO0AVqI4pu0T16RE/WnfVgPVsv09aSNZvZQT/Kev0AfQeYow==</latexit><latexit sha1_base64="OQp519EW5gSdsACXYLymUJUTn2Q=">AAACBHicdZDLSgMxFIYz9V5voy7dBIvgqkyK2HZXFMGNoGBtoVOGM2mmDc1cSDJCGWbhxldx40IRtz6EO9/GjK2gogcCH/9/Difn9xPBlXacd6s0N7+wuLS8Ul5dW9/YtLe2r1WcSsraNBax7PqgmOARa2uuBesmkkHoC9bxxyeF37lhUvE4utKThPVDGEY84BS0kTx71w0k0MwFkYzAy1wZ4tPzPM8CD3LPrjhVx3EIIbgAUj9yDDSbjRppYFJYpipoVhee/eYOYpqGLNJUgFI94iS6n4HUnAqWl91UsQToGIasZzCCkKl+9nlEjveNMsBBLM2LNP5Uv09kECo1CX3TGYIeqd9eIf7l9VIdNPoZj5JUs4hOFwWpwDrGRSJ4wCWjWkwMAJXc/BXTEZhUtMmtbEL4uhT/D9e1KjF8eVhpHc/iWEa7aA8dIILqqIXO0AVqI4pu0T16RE/WnfVgPVsv09aSNZvZQT/Kev0AfQeYow==</latexit><latexit sha1_base64="OQp519EW5gSdsACXYLymUJUTn2Q=">AAACBHicdZDLSgMxFIYz9V5voy7dBIvgqkyK2HZXFMGNoGBtoVOGM2mmDc1cSDJCGWbhxldx40IRtz6EO9/GjK2gogcCH/9/Difn9xPBlXacd6s0N7+wuLS8Ul5dW9/YtLe2r1WcSsraNBax7PqgmOARa2uuBesmkkHoC9bxxyeF37lhUvE4utKThPVDGEY84BS0kTx71w0k0MwFkYzAy1wZ4tPzPM8CD3LPrjhVx3EIIbgAUj9yDDSbjRppYFJYpipoVhee/eYOYpqGLNJUgFI94iS6n4HUnAqWl91UsQToGIasZzCCkKl+9nlEjveNMsBBLM2LNP5Uv09kECo1CX3TGYIeqd9eIf7l9VIdNPoZj5JUs4hOFwWpwDrGRSJ4wCWjWkwMAJXc/BXTEZhUtMmtbEL4uhT/D9e1KjF8eVhpHc/iWEa7aA8dIILqqIXO0AVqI4pu0T16RE/WnfVgPVsv09aSNZvZQT/Kev0AfQeYow==</latexit><latexit sha1_base64="OQp519EW5gSdsACXYLymUJUTn2Q=">AAACBHicdZDLSgMxFIYz9V5voy7dBIvgqkyK2HZXFMGNoGBtoVOGM2mmDc1cSDJCGWbhxldx40IRtz6EO9/GjK2gogcCH/9/Difn9xPBlXacd6s0N7+wuLS8Ul5dW9/YtLe2r1WcSsraNBax7PqgmOARa2uuBesmkkHoC9bxxyeF37lhUvE4utKThPVDGEY84BS0kTx71w0k0MwFkYzAy1wZ4tPzPM8CD3LPrjhVx3EIIbgAUj9yDDSbjRppYFJYpipoVhee/eYOYpqGLNJUgFI94iS6n4HUnAqWl91UsQToGIasZzCCkKl+9nlEjveNMsBBLM2LNP5Uv09kECo1CX3TGYIeqd9eIf7l9VIdNPoZj5JUs4hOFwWpwDrGRSJ4wCWjWkwMAJXc/BXTEZhUtMmtbEL4uhT/D9e1KjF8eVhpHc/iWEa7aA8dIILqqIXO0AVqI4pu0T16RE/WnfVgPVsv09aSNZvZQT/Kev0AfQeYow==</latexit>

photons neutron 
EDM

nuclear 
spins

gaNN
<latexit sha1_base64="vE/tJy/4x4eVq+Yznn2J7ih7bKM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVTqWA/oA1ls520SzebsLsRSuiP8OJBEa/+Hm/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5aOZJuhHdCR5yBk11uqMBhltNGaDcsWtuguRdfByqECu5qD81R/GLI1QGiao1j3PTYyfUWU4Ezgr9VONCWUTOsKeRUkj1H62WHdGLqwzJGGs7JOGLNzfExmNtJ5Gge2MqBnr1drc/K/WS01442dcJqlByZYfhakgJibz28mQK2RGTC1QprjdlbAxVZQZm1DJhuCtnrwO7auqZ/nhulK/zeMowhmcwyV4UIM63EMTWsBgAs/wCm9O4rw4787HsrXg5DOn8EfO5w85xo97</latexit><latexit sha1_base64="vE/tJy/4x4eVq+Yznn2J7ih7bKM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVTqWA/oA1ls520SzebsLsRSuiP8OJBEa/+Hm/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5aOZJuhHdCR5yBk11uqMBhltNGaDcsWtuguRdfByqECu5qD81R/GLI1QGiao1j3PTYyfUWU4Ezgr9VONCWUTOsKeRUkj1H62WHdGLqwzJGGs7JOGLNzfExmNtJ5Gge2MqBnr1drc/K/WS01442dcJqlByZYfhakgJibz28mQK2RGTC1QprjdlbAxVZQZm1DJhuCtnrwO7auqZ/nhulK/zeMowhmcwyV4UIM63EMTWsBgAs/wCm9O4rw4787HsrXg5DOn8EfO5w85xo97</latexit><latexit sha1_base64="vE/tJy/4x4eVq+Yznn2J7ih7bKM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVTqWA/oA1ls520SzebsLsRSuiP8OJBEa/+Hm/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5aOZJuhHdCR5yBk11uqMBhltNGaDcsWtuguRdfByqECu5qD81R/GLI1QGiao1j3PTYyfUWU4Ezgr9VONCWUTOsKeRUkj1H62WHdGLqwzJGGs7JOGLNzfExmNtJ5Gge2MqBnr1drc/K/WS01442dcJqlByZYfhakgJibz28mQK2RGTC1QprjdlbAxVZQZm1DJhuCtnrwO7auqZ/nhulK/zeMowhmcwyV4UIM63EMTWsBgAs/wCm9O4rw4787HsrXg5DOn8EfO5w85xo97</latexit><latexit sha1_base64="vE/tJy/4x4eVq+Yznn2J7ih7bKM=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVTqWA/oA1ls520SzebsLsRSuiP8OJBEa/+Hm/+G7dtDtr6wsLDOzPszBskgmvjut9OYWNza3unuFva2z84PCofn7R1nCqGLRaLWHUDqlFwiS3DjcBuopBGgcBOMLmb1ztPqDSP5aOZJuhHdCR5yBk11uqMBhltNGaDcsWtuguRdfByqECu5qD81R/GLI1QGiao1j3PTYyfUWU4Ezgr9VONCWUTOsKeRUkj1H62WHdGLqwzJGGs7JOGLNzfExmNtJ5Gge2MqBnr1drc/K/WS01442dcJqlByZYfhakgJibz28mQK2RGTC1QprjdlbAxVZQZm1DJhuCtnrwO7auqZ/nhulK/zeMowhmcwyV4UIM63EMTWsBgAs/wCm9O4rw4787HsrXg5DOn8EfO5w85xo97</latexit>

For QCD axion, only one free parameter!

gd
<latexit sha1_base64="NEhsCgZKdZWpFKPu4lzAPV6DXWs=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZpMu3WzC7kQopT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5BJYdB1v53S2vrG5lZ5u7Kzu7d/UD08aps014y3WCpT3Q2o4VIo3kKBknczzWkSSN4JRrezeueJayNS9YjjjPsJjZWIBKNorYd4EA6qNbfuzkVWwSugBoWag+pXP0xZnnCFTFJjep6boT+hGgWTfFrp54ZnlI1ozHsWFU248SfzVafkzDohiVJtn0Iyd39PTGhizDgJbGdCcWiWazPzv1ovx+janwiV5cgVW3wU5ZJgSmZ3k1BozlCOLVCmhd2VsCHVlKFNp2JD8JZPXoX2Rd2zfH9Za9wUcZThBE7hHDy4ggbcQRNawCCGZ3iFN0c6L86787FoLTnFzDH8kfP5Az8YjcI=</latexit><latexit sha1_base64="NEhsCgZKdZWpFKPu4lzAPV6DXWs=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZpMu3WzC7kQopT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5BJYdB1v53S2vrG5lZ5u7Kzu7d/UD08aps014y3WCpT3Q2o4VIo3kKBknczzWkSSN4JRrezeueJayNS9YjjjPsJjZWIBKNorYd4EA6qNbfuzkVWwSugBoWag+pXP0xZnnCFTFJjep6boT+hGgWTfFrp54ZnlI1ozHsWFU248SfzVafkzDohiVJtn0Iyd39PTGhizDgJbGdCcWiWazPzv1ovx+janwiV5cgVW3wU5ZJgSmZ3k1BozlCOLVCmhd2VsCHVlKFNp2JD8JZPXoX2Rd2zfH9Za9wUcZThBE7hHDy4ggbcQRNawCCGZ3iFN0c6L86787FoLTnFzDH8kfP5Az8YjcI=</latexit><latexit sha1_base64="NEhsCgZKdZWpFKPu4lzAPV6DXWs=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZpMu3WzC7kQopT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5BJYdB1v53S2vrG5lZ5u7Kzu7d/UD08aps014y3WCpT3Q2o4VIo3kKBknczzWkSSN4JRrezeueJayNS9YjjjPsJjZWIBKNorYd4EA6qNbfuzkVWwSugBoWag+pXP0xZnnCFTFJjep6boT+hGgWTfFrp54ZnlI1ozHsWFU248SfzVafkzDohiVJtn0Iyd39PTGhizDgJbGdCcWiWazPzv1ovx+janwiV5cgVW3wU5ZJgSmZ3k1BozlCOLVCmhd2VsCHVlKFNp2JD8JZPXoX2Rd2zfH9Za9wUcZThBE7hHDy4ggbcQRNawCCGZ3iFN0c6L86787FoLTnFzDH8kfP5Az8YjcI=</latexit><latexit sha1_base64="NEhsCgZKdZWpFKPu4lzAPV6DXWs=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNZpMu3WzC7kQopT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5BJYdB1v53S2vrG5lZ5u7Kzu7d/UD08aps014y3WCpT3Q2o4VIo3kKBknczzWkSSN4JRrezeueJayNS9YjjjPsJjZWIBKNorYd4EA6qNbfuzkVWwSugBoWag+pXP0xZnnCFTFJjep6boT+hGgWTfFrp54ZnlI1ozHsWFU248SfzVafkzDohiVJtn0Iyd39PTGhizDgJbGdCcWiWazPzv1ovx+janwiV5cgVW3wU5ZJgSmZ3k1BozlCOLVCmhd2VsCHVlKFNp2JD8JZPXoX2Rd2zfH9Za9wUcZThBE7hHDy4ggbcQRNawCCGZ3iFN0c6L86787FoLTnFzDH8kfP5Az8YjcI=</latexit> 2.4⇥ 10�16

fa
e · cm

<latexit sha1_base64="NH/6dlk2XSo1MP1YdRX7yYFu2nA="></latexit><latexit sha1_base64="NH/6dlk2XSo1MP1YdRX7yYFu2nA="></latexit><latexit sha1_base64="NH/6dlk2XSo1MP1YdRX7yYFu2nA="></latexit><latexit sha1_base64="NH/6dlk2XSo1MP1YdRX7yYFu2nA="></latexit>

⇠ 1/fa
<latexit sha1_base64="ACY0SLmYMvGve+BSsKDofgN0u2U=">AAAB8XicdZDLSgMxFIYz9VbrrerSTbAIrmpSxLa7ohuXFewF26Fk0kwbmmSGJCOUoW/hxoUibn0bd76NmbaCiv4Q+Pj/c8g5J4gFNxahDy+3srq2vpHfLGxt7+zuFfcP2iZKNGUtGolIdwNimOCKtSy3gnVjzYgMBOsEk6ss79wzbXikbu00Zr4kI8VDTol11l3fcAnxWTggg2IJlRFCGGOYAa5eIAf1eq2CaxBnkVMJLNUcFN/7w4gmkilLBTGmh1Fs/ZRoy6lgs0I/MSwmdEJGrOdQEcmMn84nnsET5wxhGGn3lIVz93tHSqQxUxm4Skns2PzOMvOvrJfYsOanXMWJZYouPgoTAW0Es/XhkGtGrZg6IFRzNyukY6IJte5IBXeEr03h/9CulLHjm/NS43J5jjw4AsfgFGBQBQ1wDZqgBShQ4AE8gWfPeI/ei/e6KM15y55D8EPe2yfXAJBf</latexit><latexit sha1_base64="ACY0SLmYMvGve+BSsKDofgN0u2U=">AAAB8XicdZDLSgMxFIYz9VbrrerSTbAIrmpSxLa7ohuXFewF26Fk0kwbmmSGJCOUoW/hxoUibn0bd76NmbaCiv4Q+Pj/c8g5J4gFNxahDy+3srq2vpHfLGxt7+zuFfcP2iZKNGUtGolIdwNimOCKtSy3gnVjzYgMBOsEk6ss79wzbXikbu00Zr4kI8VDTol11l3fcAnxWTggg2IJlRFCGGOYAa5eIAf1eq2CaxBnkVMJLNUcFN/7w4gmkilLBTGmh1Fs/ZRoy6lgs0I/MSwmdEJGrOdQEcmMn84nnsET5wxhGGn3lIVz93tHSqQxUxm4Skns2PzOMvOvrJfYsOanXMWJZYouPgoTAW0Es/XhkGtGrZg6IFRzNyukY6IJte5IBXeEr03h/9CulLHjm/NS43J5jjw4AsfgFGBQBQ1wDZqgBShQ4AE8gWfPeI/ei/e6KM15y55D8EPe2yfXAJBf</latexit><latexit sha1_base64="ACY0SLmYMvGve+BSsKDofgN0u2U=">AAAB8XicdZDLSgMxFIYz9VbrrerSTbAIrmpSxLa7ohuXFewF26Fk0kwbmmSGJCOUoW/hxoUibn0bd76NmbaCiv4Q+Pj/c8g5J4gFNxahDy+3srq2vpHfLGxt7+zuFfcP2iZKNGUtGolIdwNimOCKtSy3gnVjzYgMBOsEk6ss79wzbXikbu00Zr4kI8VDTol11l3fcAnxWTggg2IJlRFCGGOYAa5eIAf1eq2CaxBnkVMJLNUcFN/7w4gmkilLBTGmh1Fs/ZRoy6lgs0I/MSwmdEJGrOdQEcmMn84nnsET5wxhGGn3lIVz93tHSqQxUxm4Skns2PzOMvOvrJfYsOanXMWJZYouPgoTAW0Es/XhkGtGrZg6IFRzNyukY6IJte5IBXeEr03h/9CulLHjm/NS43J5jjw4AsfgFGBQBQ1wDZqgBShQ4AE8gWfPeI/ei/e6KM15y55D8EPe2yfXAJBf</latexit><latexit sha1_base64="ACY0SLmYMvGve+BSsKDofgN0u2U=">AAAB8XicdZDLSgMxFIYz9VbrrerSTbAIrmpSxLa7ohuXFewF26Fk0kwbmmSGJCOUoW/hxoUibn0bd76NmbaCiv4Q+Pj/c8g5J4gFNxahDy+3srq2vpHfLGxt7+zuFfcP2iZKNGUtGolIdwNimOCKtSy3gnVjzYgMBOsEk6ss79wzbXikbu00Zr4kI8VDTol11l3fcAnxWTggg2IJlRFCGGOYAa5eIAf1eq2CaxBnkVMJLNUcFN/7w4gmkilLBTGmh1Fs/ZRoy6lgs0I/MSwmdEJGrOdQEcmMn84nnsET5wxhGGn3lIVz93tHSqQxUxm4Skns2PzOMvOvrJfYsOanXMWJZYouPgoTAW0Es/XhkGtGrZg6IFRzNyukY6IJte5IBXeEr03h/9CulLHjm/NS43J5jjw4AsfgFGBQBQ1wDZqgBShQ4AE8gWfPeI/ei/e6KM15y55D8EPe2yfXAJBf</latexit>
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In axion DM background, get oscillating observables:

What should we measure?

dn = gda

HN � gaNNra · ~�N

Time-varying EDM

Spin-dependent force

) Oscillating 
response 
from static 

fields

Note:  so some are easier than others 

r⇥Ba =
@Ea

@t
� ga��

✓
E0 ⇥ra�B0

@a

@t

◆

<latexit sha1_base64="jrG7IEbqAZnEIyzROYRcWemFbkw="></latexit><latexit sha1_base64="jrG7IEbqAZnEIyzROYRcWemFbkw="></latexit><latexit sha1_base64="jrG7IEbqAZnEIyzROYRcWemFbkw="></latexit><latexit sha1_base64="jrG7IEbqAZnEIyzROYRcWemFbkw="></latexit>

r ·Ea = �ga��B0 ·ra
<latexit sha1_base64="37xX4tGATH6eZP6w2E7zrdMJYzM="></latexit><latexit sha1_base64="37xX4tGATH6eZP6w2E7zrdMJYzM="></latexit><latexit sha1_base64="37xX4tGATH6eZP6w2E7zrdMJYzM="></latexit><latexit sha1_base64="37xX4tGATH6eZP6w2E7zrdMJYzM="></latexit>

<latexit sha1_base64="+WwoNezWMRe4GtWZ44+5cocLaLk="></latexit>

a(x, t) =

→
2ω

m
cos(mt+O(v)x)

<latexit sha1_base64="Y484KsR3wQxM+9A75Y3brWNEKY0="></latexit>

→a ↑ v ↑ 10→3

7



Electromagnetic searches
Cavity regime: ) �Comp ⇠ Rexp

e.g. ADMX

Quasistatic regime: �Comp � Rexp

e.g. DM-Radio

Radiation regime: �Comp ⌧ Rexp

e.g. MADMAX

⇢Je↵

r⇥Ba =
@Ea

@t
� ga��B0

@a

@t
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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. 8



Quantum vs. classical
The universe is described by quantum field theory. 

The axion field is a quantum field, like everything else:
<latexit sha1_base64="RE9u4ufatEQavUVTKMrXDqU2I6c="></latexit>

a(t,x) =

∫
d3k

(2ω)3
1→
2εk

(
âke

→ik·x + h.c.
)

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

For each mode , write the density matrix in this basis:k
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ω̂k =

∫
dεk P (εk)|εk→↑εk| not guaranteed positive-definite! 

not a probability!
9



Quantum vs. classical
However, arXiv:2408.04696 and follow-ups showed that every 

detector effectively coarse-grains the field such that 
the observed P-function is positive-definite:

Wave-like DM is a 
“classical field”: 

operators  replaced by 
c-numbers 

̂ak
αk

<latexit sha1_base64="rXfJ6KsL5WalK+5Yhc2rjYlI4nA="></latexit>

Nk = (2ω)3
ε

ma
p(k) momentum distribution -> velocity distribution 

in non-relativistic limit
10

free field has Gaussian statistics



Autocorrelation function
As a step toward computing the PSD, let’s compute 

how the axion field is correlated with itself in time and space
<latexit sha1_base64="a75yrMb83PkudHd1JmFhbqAAVW0="></latexit>

a(xµ) =
∑

k

1→
V ωk

(
εke

→ik·x + ε↑
ke
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xµ = (t,x)
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dµ = (ω,d)
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=
∑

k,q

1

2V
→
ωkωq

↑(εk + ε→
k)(εqe

↑iq·d + ε→
qe

iq·d)↓

=
∑

k

↑|εk|2↓
V ωk

cos(k · d)

=
∑

k

Nk

V ωk
cos(k · d)

each mode is statistically independent
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Continuum limit and PSD
<latexit sha1_base64="a1LtvjcuE+ml6Yca/EphWFSMwJ8="></latexit>

→!(ω,d)↑ =
∑

k

Nk

V εk
cos(k · d) ↓↔ ϑ

ma

∫
d3k

p(k)

εk
cos(εkω ↓ k · d)

At zero spatial separation ( ) and non-relativistic limit 
( ) we have

d = 0
ωk ≈ ma, k ≈ mav
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→!(ω)↑ = ε

ma

∫
dv f(v) cos

(
ma

(
1 +

v2

2

)
ω

)

Wiener-Khinchin theorem from spectral analysis gives average PSD:
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→S(ω)↑ = 2

∫ →

↑→
dε →!(ε)↑eiωε =

2ϑϖf(vω)

m3
avω

<latexit sha1_base64="qe4vf/CKeY9z2/y14mY8ML55p4c="></latexit>

vω =
√

2 (ω/ma → 1)

12



Galactic archaeology 
with the PSD

Of course, the PSD in an 
experiment will be multiplied 

by the axion-photon 
coupling , which is VERY 

small! Hence the need for 
quantum probes to detect a 

tiny power

gaγγ

13

exponentially- 
distributed 
amplitude

energy 
conservation: 

zero below 
ω = ma

traces out 
speed 

distribution, 
including 
annual 

modulation!



What about two detectors?

inside a  
coherence length

outside a coherence length

at a coherence length: 
strong interference 

effects!

hS�1�2(!)i /
Z

d⌦ v f(v) cos(mav · x)
����
v=

p
2!/ma�2
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Cross-spectrum depends on separation compared to coherence length:
1700 km for τ ∼ 2π/(mav) ∼ ma = 10−9 eV

14



Axion interferometry

15

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

Expand correlation in real and imaginary parts:

<latexit sha1_base64="i1KrQU7jELkr9Yv3OKIr99Ywo+k="></latexit>

aj(ω) =
!t→
T

N→1∑

n=0

a(n!t,xj)e
→iωn!t

The diagonal pieces just give the speed distribution. The off-diagonals are new:



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



Parameter estimation
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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?

Best sensitivity when detectors are separated by  coherence length𝒪(1)



Summary
Ultralight bosonic DM with 
macroscopic phase space 
occupancy is a classical 
Gaussian random field

Single-detector PSD traces 
out speed distribution, sensitive 

to annual modulation

Multi-detector PSD sensitive to 
velocity distribution and daily 
modulation, if separated by a  

(mass-dependent) coherence length
18
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