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?

Q: Do I need to understand all about theory? 

Find the level that makes you confortable and enjoying it, but this is important!

Quantum field theory

Particle physics

Statistical physics

Electrodynamics

Relativity (Special and General)
Gravitation

Data analysis
Statistics

Many body physics 

Nuclear physics Galactic dynamics

Electroweak theory

Quantum physics

Radiative processes

…

What’s known?

What’s new?


Where are the cracks?

How do I answer X?


Where do I start?

Locality
Dynamics friction

Fokker-Planck

Causality

Unitarity 

Simulations

AMO
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2 Bar, Danieli & Blum

Figure 1. Left: Reproduction of V-band data obtained in Danieli et al. (2022) using Hubble Space Telescope WFC3/UVIS
camera, containing UDG1 and a nearby field (post-selection criteria described in Danieli et al. (2022)). Circles represent 2re↵
and 3re↵ of the stellar light profile, with re↵ the Sérsic radius. Right: A scatter plot of objects from the left panel, divided into
magnitude bins. The magnitude bins for objects at mV < 25.0 mag are relatively clean from background contamination. In
comparison, contamination is significant for the bin 25.0 < mV < 26.5 mag. In our main analysis, we primarily use the r < 2re↵
data of the mV < 25.0 mag bins. We present a preliminary analysis of the 25.0 < mV < 26.5 mag bin in App. D, showing that
the faint objects also exhibit radial clustering above the background, comparable to the stellar body.

The left panel of Fig. 1 shows the V -band Hubble61

Space Telescope (HST) WFC3/UVIS image of UDG162

and its nearby field, adapted from Danieli et al. (2022).63

The right panel shows all compact sources that were64

selected as GC candidates based on the photometric se-65

lection criteria in Danieli et al. (2022). In this work we66

focus on a low contamination sample of GC candidates,67

consisting of the 33 mV < 25.0 mag objects contained68

within 2re↵ (twice the Sérsic half-light radius of the stel-69

lar body; inner circle in Fig. 1), which has a background70

contamination of about 1 object, estimated by compar-71

ison to the nearby field (Danieli et al. 2022). Spectroc-72

scopic information is available for 11 of these bright GCs73

(Müller et al. 2020).74

It is noteworthy that most of the brighter GCs in75

the right panel of Fig. 1 are concentrated in the region76

r < re↵ . To explore this further, in Fig. 2 we show the77

luminosity of this sample of GCs vs. their projected dis-78

tance from the center of the galaxy. The data shows a79

clear trend: more luminous GCs are on average closer80

to the center of the galaxy. We estimate a p-value81

of about 1% for the hypothesis that the data is82

a chance fluctuation and that there is no mass83

segregation (see App. A). This luminosity or mass84

segregation calls for a quantitative dynamical explana-85

tion.86

In this paper we show that this explanation can be87

naturally provided by dynamical friction. The deceler-88

ation experienced by a GC due to dynamical friction in89

a galactic halo is roughly proportional to the GC mass90

m?. Therefore, more massive GCs inspiral closer to the91

center of the galaxy, resulting in mass segregation. This92

simple picture can be expected to hold over an interme-93

diate duration of time: long enough to enable dynamical94

friction to act, but short enough so that GC mergers do95

not convert a large fraction of the total mass in GCs into96

a nuclear cluster. As we will demonstrate, using more97

detailed analytic estimates as well as a suite of numeri-98

cal simulations, UDG1 as we view it today may indeed99

be in this intermediate stage.100

The paper is organized as follows. In Sec. 2 we dis-101

cuss dynamical e↵ects that shape the GC population in102

UDG1 and similar galaxies. In Sec. 3 we recapitulate103

observational studies of UDG1, and define benchmark104

mass models. In Sec. 4 we set up and study N-body105

simulations, in which some dynamical e↵ects (notably106

dynamical friction and GC mass loss) are modeled semi-107

The Standard Model of Particle Physics and Astrophysics

No gravity

Does not include neutrino mass
Does not include dark matter

Cosmic inflation (origin of Universe) 
Baryon asymmetry (origin of matter)

Why vacuum energy just (not) zero?
Why weak scale << Planck scale?
Why no strong CP violation? 
Almost grand unification?
Why Higgs vacuum just metastable?

Observed first in astrophysics
Observed only in astrophysics
Constrained by astrophysics

2 Bar, Danieli & Blum

Figure 1. Left: Reproduction of V-band data obtained in Danieli et al. (2022) using Hubble Space Telescope WFC3/UVIS
camera, containing UDG1 and a nearby field (post-selection criteria described in Danieli et al. (2022)). Circles represent 2re↵
and 3re↵ of the stellar light profile, with re↵ the Sérsic radius. Right: A scatter plot of objects from the left panel, divided into
magnitude bins. The magnitude bins for objects at mV < 25.0 mag are relatively clean from background contamination. In
comparison, contamination is significant for the bin 25.0 < mV < 26.5 mag. In our main analysis, we primarily use the r < 2re↵
data of the mV < 25.0 mag bins. We present a preliminary analysis of the 25.0 < mV < 26.5 mag bin in App. D, showing that
the faint objects also exhibit radial clustering above the background, comparable to the stellar body.
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r < re↵ . To explore this further, in Fig. 2 we show the77

luminosity of this sample of GCs vs. their projected dis-78
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cal simulations, UDG1 as we view it today may indeed99
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The paper is organized as follows. In Sec. 2 we dis-101
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No gravity
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Cosmic inflation (origin of Universe) 
Baryon asymmetry (origin of matter)

Why vacuum energy just (not) zero?
Why weak scale << Planck scale?
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Almost grand unification?
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10

name density EOS w

baryons 0.05 ≈ 0

CDM 0.27 ≈ 0

radiation 0.0001 1/3

Massive neutrinos <0.05 ≈ 0 today

Cosm. const. 0.68 -1
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Other ? ? ?
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and 3re↵ of the stellar light profile, with re↵ the Sérsic radius. Right: A scatter plot of objects from the left panel, divided into
magnitude bins. The magnitude bins for objects at mV < 25.0 mag are relatively clean from background contamination. In
comparison, contamination is significant for the bin 25.0 < mV < 26.5 mag. In our main analysis, we primarily use the r < 2re↵
data of the mV < 25.0 mag bins. We present a preliminary analysis of the 25.0 < mV < 26.5 mag bin in App. D, showing that
the faint objects also exhibit radial clustering above the background, comparable to the stellar body.

The left panel of Fig. 1 shows the V -band Hubble61

Space Telescope (HST) WFC3/UVIS image of UDG162

and its nearby field, adapted from Danieli et al. (2022).63

The right panel shows all compact sources that were64

selected as GC candidates based on the photometric se-65

lection criteria in Danieli et al. (2022). In this work we66

focus on a low contamination sample of GC candidates,67

consisting of the 33 mV < 25.0 mag objects contained68
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camera, containing UDG1 and a nearby field (post-selection criteria described in Danieli et al. (2022)). Circles represent 2re↵
and 3re↵ of the stellar light profile, with re↵ the Sérsic radius. Right: A scatter plot of objects from the left panel, divided into
magnitude bins. The magnitude bins for objects at mV < 25.0 mag are relatively clean from background contamination. In
comparison, contamination is significant for the bin 25.0 < mV < 26.5 mag. In our main analysis, we primarily use the r < 2re↵
data of the mV < 25.0 mag bins. We present a preliminary analysis of the 25.0 < mV < 26.5 mag bin in App. D, showing that
the faint objects also exhibit radial clustering above the background, comparable to the stellar body.
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selected as GC candidates based on the photometric se-65
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focus on a low contamination sample of GC candidates,67

consisting of the 33 mV < 25.0 mag objects contained68

within 2re↵ (twice the Sérsic half-light radius of the stel-69

lar body; inner circle in Fig. 1), which has a background70

contamination of about 1 object, estimated by compar-71

ison to the nearby field (Danieli et al. 2022). Spectroc-72

scopic information is available for 11 of these bright GCs73

(Müller et al. 2020).74

It is noteworthy that most of the brighter GCs in75

the right panel of Fig. 1 are concentrated in the region76
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luminosity of this sample of GCs vs. their projected dis-78

tance from the center of the galaxy. The data shows a79

clear trend: more luminous GCs are on average closer80
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of about 1% for the hypothesis that the data is82

a chance fluctuation and that there is no mass83
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In this paper we show that this explanation can be87

naturally provided by dynamical friction. The deceler-88
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friction to act, but short enough so that GC mergers do95

not convert a large fraction of the total mass in GCs into96
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be in this intermediate stage.100

The paper is organized as follows. In Sec. 2 we dis-101

cuss dynamical e↵ects that shape the GC population in102

UDG1 and similar galaxies. In Sec. 3 we recapitulate103

observational studies of UDG1, and define benchmark104

mass models. In Sec. 4 we set up and study N-body105

simulations, in which some dynamical e↵ects (notably106

dynamical friction and GC mass loss) are modeled semi-107

The Standard Model of Particle Physics and Astrophysics

No gravity

Does not include neutrino mass
Does not include dark matter

Cosmic inflation (origin of Universe) 
Baryon asymmetry (origin of matter)

Why vacuum energy just (not) zero?
Why weak scale << Planck scale?
Why no strong CP violation? 
Almost grand unification?
Why Higgs vacuum just metastable?

Observed first in astrophysics
Observed only in astrophysics
Constrained by astrophysics

2 Bar, Danieli & Blum

Figure 1. Left: Reproduction of V-band data obtained in Danieli et al. (2022) using Hubble Space Telescope WFC3/UVIS
camera, containing UDG1 and a nearby field (post-selection criteria described in Danieli et al. (2022)). Circles represent 2re↵
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Anything else?

axions 
Roadmap

- Cosmo 101

- Dark matter… and the EW scale (?)  
Three happy times where we “detected” WIMPs

- OK so it might not be a WIMP (freeze-in and light DM)

- … which takes us gradually to axion-like particles and, 
axions

- New physics in neutrinos?

29	

46 3. Thermal History

Event time t redshift z temperature T

Inflation 10�34 s (?) – –

Baryogenesis ? ? ?

EW phase transition 20 ps 1015 100 GeV

QCD phase transition 20 µs 1012 150 MeV

Dark matter freeze-out ? ? ?

Neutrino decoupling 1 s 6� 109 1 MeV

Electron-positron annihilation 6 s 2� 109 500 keV

Big Bang nucleosynthesis 3 min 4� 108 100 keV

Matter-radiation equality 60 kyr 3400 0.75 eV

Recombination 260–380 kyr 1100–1400 0.26–0.33 eV

Photon decoupling 380 kyr 1000–1200 0.23–0.28 eV

Reionization 100–400 Myr 11–30 2.6–7.0 meV

Dark energy-matter equality 9 Gyr 0.4 0.33 meV

Present 13.8 Gyr 0 0.24 meV

Table 3.1: Key events in the thermal history of the universe.

show that choosing natural values for the mass of the dark matter particles and their

interaction cross section with ordinary matter reproduces the observed relic dark matter

density surprisingly well.

• Neutrino decoupling. Neutrinos only interact with the rest of the primordial plasma

through the weak interaction. The estimate in (3.1.10) therefore applies and neutrinos

decouple at 0.8 MeV.

• Electron-positron annihilation. Electrons and positrons annihilate shortly after neu-

trino decoupling. The energies of the electrons and positrons gets transferred to the

photons, but not the neutrinos. In §3.2.4, we will explain that this is the reason why the

photon temperature today is greater than the neutrino temperature.

• Big Bang nucleosynthesis. Around 3 minutes after the Big Bang, the light elements

were formed. In §3.3.4, we will study this process of Big Bang nucleosynthesis (BBN).

• Recombination. Neutral hydrogen forms through the reaction e�+p+ ⇥ H+� when the

temperature has become low enough that the reverse reaction is energetically disfavoured.

We will study recombination in §3.3.3.

HEP	School	2015	
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Two examples of the precision frontier
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Figure 2

(a) The energy spectrum of a quantum harmonic oscillator (QHO). (b) The energy spectrum of the transmon qubit,
showing how the introduction of the non-linear Josephson junction produces non-equidistant energy levels. (c) Evolution
of lifetimes and coherence times in superconducting qubits. Bold font indicates the first demonstration of a given
modality. ‘JJ-based qubits’ are qubits where the quantum information is encoded in the excitations of a superconducting
circuit containing one or more Josephson junctions (see Sec. 2.1). ‘Bosonic encoded qubits’ are qubits where the quantum
information is encoded in superpositions of multi-photon states in a QHO, and a Josephson junction circuit mediates
qubit operation and readout (see Sec. 2.4). ‘Error corrected qubits’ represent qubit encodings in which a layer of active
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(a) The energy spectrum of a quantum harmonic oscillator (QHO). (b) The energy spectrum of the transmon qubit,
showing how the introduction of the non-linear Josephson junction produces non-equidistant energy levels. (c) Evolution
of lifetimes and coherence times in superconducting qubits. Bold font indicates the first demonstration of a given
modality. ‘JJ-based qubits’ are qubits where the quantum information is encoded in the excitations of a superconducting
circuit containing one or more Josephson junctions (see Sec. 2.1). ‘Bosonic encoded qubits’ are qubits where the quantum
information is encoded in superpositions of multi-photon states in a QHO, and a Josephson junction circuit mediates
qubit operation and readout (see Sec. 2.4). ‘Error corrected qubits’ represent qubit encodings in which a layer of active
error-correction has been implemented to increase the encoded qubit lifetime. The charge qubit and transmon modalities
are described in Sec. 2.1.1, flux qubit and the capacitively shunted flux qubit (‘C-sh. flux qubit’) are described in
Sec. 2.1.2, and fluxonium and gatemon modalities are described in Sec. 5. The codes underlying the ‘cat encoding’ and
‘binomial encoding’ are discussed in Sec. 4.3. ‘(3D)’ indicates a qubit embedded in a three-dimensional cavity. For
encoded qubits, the non-error-corrected T1 and T2 times used in this figure are for the encoded, but not error-corrected,
version of the logical qubit (see Refs. (11) and (12) for details). The references for the JJ-based qubits are (in
chronological order) (34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48); the semiconductor-JJ-based transmons
(gatemons) are Refs. (49, 50, 51); and the graphene-JJ-based transmon is Ref. (52). The bosonic encoded qubits in
chronological order are Refs. (53, 54, 11, 55, 12).
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(a) The energy spectrum of a quantum harmonic oscillator (QHO). (b) The energy spectrum of the transmon qubit,
showing how the introduction of the non-linear Josephson junction produces non-equidistant energy levels. (c) Evolution
of lifetimes and coherence times in superconducting qubits. Bold font indicates the first demonstration of a given
modality. ‘JJ-based qubits’ are qubits where the quantum information is encoded in the excitations of a superconducting
circuit containing one or more Josephson junctions (see Sec. 2.1). ‘Bosonic encoded qubits’ are qubits where the quantum
information is encoded in superpositions of multi-photon states in a QHO, and a Josephson junction circuit mediates
qubit operation and readout (see Sec. 2.4). ‘Error corrected qubits’ represent qubit encodings in which a layer of active
error-correction has been implemented to increase the encoded qubit lifetime. The charge qubit and transmon modalities
are described in Sec. 2.1.1, flux qubit and the capacitively shunted flux qubit (‘C-sh. flux qubit’) are described in
Sec. 2.1.2, and fluxonium and gatemon modalities are described in Sec. 5. The codes underlying the ‘cat encoding’ and
‘binomial encoding’ are discussed in Sec. 4.3. ‘(3D)’ indicates a qubit embedded in a three-dimensional cavity. For
encoded qubits, the non-error-corrected T1 and T2 times used in this figure are for the encoded, but not error-corrected,
version of the logical qubit (see Refs. (11) and (12) for details). The references for the JJ-based qubits are (in
chronological order) (34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48); the semiconductor-JJ-based transmons
(gatemons) are Refs. (49, 50, 51); and the graphene-JJ-based transmon is Ref. (52). The bosonic encoded qubits in
chronological order are Refs. (53, 54, 11, 55, 12).
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(a) The energy spectrum of a quantum harmonic oscillator (QHO). (b) The energy spectrum of the transmon qubit,
showing how the introduction of the non-linear Josephson junction produces non-equidistant energy levels. (c) Evolution
of lifetimes and coherence times in superconducting qubits. Bold font indicates the first demonstration of a given
modality. ‘JJ-based qubits’ are qubits where the quantum information is encoded in the excitations of a superconducting
circuit containing one or more Josephson junctions (see Sec. 2.1). ‘Bosonic encoded qubits’ are qubits where the quantum
information is encoded in superpositions of multi-photon states in a QHO, and a Josephson junction circuit mediates
qubit operation and readout (see Sec. 2.4). ‘Error corrected qubits’ represent qubit encodings in which a layer of active
error-correction has been implemented to increase the encoded qubit lifetime. The charge qubit and transmon modalities
are described in Sec. 2.1.1, flux qubit and the capacitively shunted flux qubit (‘C-sh. flux qubit’) are described in
Sec. 2.1.2, and fluxonium and gatemon modalities are described in Sec. 5. The codes underlying the ‘cat encoding’ and
‘binomial encoding’ are discussed in Sec. 4.3. ‘(3D)’ indicates a qubit embedded in a three-dimensional cavity. For
encoded qubits, the non-error-corrected T1 and T2 times used in this figure are for the encoded, but not error-corrected,
version of the logical qubit (see Refs. (11) and (12) for details). The references for the JJ-based qubits are (in
chronological order) (34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48); the semiconductor-JJ-based transmons
(gatemons) are Refs. (49, 50, 51); and the graphene-JJ-based transmon is Ref. (52). The bosonic encoded qubits in
chronological order are Refs. (53, 54, 11, 55, 12).

rials compatible with silicon CMOS manufacturing. Devices are placed inside a copper or

aluminum package that provides an engineered electromagnetic environment with requisite

signal lines and thermally anchored to the ⇡ 10mK stage of a dilution refrigerator. The

toolbox of superconducting circuits comprises resonators and bias lines, in addition to the

qubits themselves. The properties of these building blocks can be engineered by varying

circuit parameters and interconnected with tailored couplings.

Josephson junction:
Superconducting
qubits are based on
the Josephson
junction, which
consists of two
superconducting
electrodes that are
separated by a thin
insulating barrier,
allowing for the
coherent tunneling
of Cooper pairs,
resulting in a lossless
non-linear inductor.

2.1. Devices based on superconducting tunnel junctions

The quantum harmonic oscillator (QHO) shown in Fig. 2(a) is a resonant circuit comprising

a capacitor and an inductor with resonance frequency !c = 1/
p
LC. For su�ciently low

temperature (kBT ⌧ ~!c) and dissipation (level broadening much less than ~!c), the

resulting harmonic potential supports quantized energy levels spaced by ~!c. However, due

4 Kjaergaard et al.

1905.13641.pdf Pulsar timing

PSR J0437-4715 (mass similar to that of the Sun)

Ps = 5.757451924362137(2)ms 

J1903+0327
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Figure 3: Scheme for the Ramsey sequence. The x axis represents time. In orange (blue)

we represent the ground (excited) state |1i (|2i). During the Ramsey time T the atoms

can interact with DM particles of momentum p�. See main text for details.

In the absence of new interactions, the standard choices for the Ramsey sequence yield the

probabilities of being detected on each state [86]

P1 = sin[�!T/2]2, P2 = cos[�!T/2]2, (4.1)

where13

�! ⌘ ! � (E2 � E1). (4.2)

The light frequency ! can be locked to the energy split by adjusting it to the value !max

that maximises P2. In the presence of a background, be it particles or a field, the evolution

of the system is modified as made explicit in the respective subsections below.

4.1.1 Particle dark matter

Since the free-fall time between pulses T is much larger than the duration of the pulses

t1 we look at DM particle scattering during the interval T . Up to irrelevant phases, the

wave-function of the DM-atom system after the second pulse is

 1(t, x) =
1

2

⇣
�out

1 (x) � ei�!T �out
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, (4.3)
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i
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, (4.4)

where the out states are given in eqs. (3.6) and (3.9).

As previously remarked, the leading e↵ect will come from forward scattering where there

is no momentum transfer and the trajectory of the atoms is unchanged. The detection

13
The reader acquainted with neutrino physics might find the following analogy useful: the light pulses

can be taken to be “production” and “detection” with the association of the outcome states (superposition

of energy states) to the interaction basis. During the longer time T the system oscillates freely. The

probabilities in eqs. (4.1) can be interpreted as the outcome of oscillations where nonetheless we can ‘tune’

the energy di↵erence via !.
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FIG. 1. Simulated VULF based on the approach in Ref. [41]
with field value �(t) and time normalized by �DM and coher-
ence time ⌧c respectively. The inset plot displays the high-
resolution coherent oscillation starting at t = 0.

lacking 2 and is becoming more relevant as experiments
begin searching such regimes.

Here we focus on this regime, T ⌧ ⌧c, characteris-
tic of experiments searching for ultralight (pseudo)scalars
with masses . 10�13 eV [33–39] that have field coherence
times & 1 day. This mass range is of significant inter-
est as the lower limit on the mass of ultralight axions
is down to 10�22 eV and can be further extended if it
does not make up all of the DM [27]. Additionally, there
has been recent theoretical motivation for “fuzzy dark
matter” in the 10�22 � 10�21 eV range [27–30] and the
so-called string “axiverse” extends down to 10�33 eV [31].
Similar arguments also apply to dilatons and moduli [32].

Figure 1 shows a simulated VULF field, illustrating
the amplitude modulation present over several coherence
times. At short time scales (⌧ ⌧c) the field coherently os-
cillates at the Compton frequency, see the inset of Fig. 1,
where the amplitude �0 is fixed at a single value sampled
from its distribution. An unlucky experimentalist could
even have near-zero field amplitudes during the course of
their measurement.

On these short time scales the DM signal s(t) exhibits
a harmonic signature,

s(t) = �⇠�(t) ⇡ �⇠�0 cos(2⇡f�t+ ✓) , (1)

where � is the coupling strength to a standard-model field
and ✓ is an unknown phase. Details of the particular ex-
periment are accounted for by the factor ⇠. In this regime
the amplitude �0 is unknown and yields a time-averaged

2 We only found explicit investigation of the T ⌧ ⌧c regime in
Ref. [54] where the authors state the exponential distribution of
the dark matter energy density, and by the authors of Ref. [53]
discussing sensitivity in their Appendix E.

energy density h�(t)2iT⌧⌧c = �2
0/2. However, for times

much longer than ⌧c the energy density approaches the
ensemble average determined by h�2

0i = �2
DM. This field

oscillation amplitude is estimated by assuming that the
average energy density in the bosonic field is equal to the
local DM energy density ⇢DM ⇡ 0.4GeV/cm3, and thus
�DM = ~(m�c)�1p2⇢DM.

The oscillation amplitude sampled at a particular time
for a duration ⌧ ⌧c is not simply �DM, but rather a ran-
dom variable whose sampling probability is described by
a distribution characterizing the stochastic nature of the
VULF. Until recently, most experimental searches have
been in the m� � 10�13 eV regime with short coherence
times ⌧c ⌧ 1 day. However, for smaller boson masses
it becomes impractical to sample over many coherence
times: for example, ⌧c & 1 year for m� . 10�16 eV. As-
suming that �0 = �DM neglects the stochastic nature of
the bosonic dark matter field [33–39].

The net field �(t) is a sum of di↵erent field modes with
random phases. The oscillation amplitude, �0, results
from the interference of these randomly phased oscillat-
ing fields. This can be visualized as arising from a ran-
dom walk in the complex plane, described by a Rayleigh
distribution

p(�0) =
2�0

�2
DM

exp

✓
� �2

0

�2
DM

◆
, (2)

analogous to that of chaotic (thermal) light [55]. This
distribution implies that ⇠ 63% of all amplitude realiza-
tions will be below the r.m.s. value �DM.

We refer to the conventional approach assuming �0 =
�DM as deterministic and approaches that account for
the VULF amplitude fluctuations as stochastic. To com-
pare these two approaches we choose a Bayesian frame-
work and calculate the numerical factor a↵ecting cou-
pling constraints, allowing us to provide modified exclu-
sion plots of previous deterministic constraints [33–39].
It is important to emphasize that di↵erent frameworks
to interpret experimental data than presented here could
change the magnitude of this numerical factor [56–59].
In any case, accounting for this stochastic nature will
generically relax existing constraints as we show below.

Establishing constraints on coupling strength — We
follow the Bayesian framework [60] (see application to
VULFs in Ref. [41]) to determine constraints on the cou-
pling strength parameter �. Bayesian inference uses prior
information (such as assuming that one candidate makes
up all of the DM, or conditions imposed by the SHM) to
derive posterior probability distributions for given propo-
sitions or model parameters. One additional prior we
assume here is that the DM signal is well below the ex-
perimental noise floor. The central quantity of interest in
our case is the posterior distribution for possible values
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In the absence of new interactions, the standard choices for the Ramsey sequence yield the

probabilities of being detected on each state [86]

P1 = sin[�!T/2]2, P2 = cos[�!T/2]2, (4.1)

where13

�! ⌘ ! � (E2 � E1). (4.2)

The light frequency ! can be locked to the energy split by adjusting it to the value !max

that maximises P2. In the presence of a background, be it particles or a field, the evolution

of the system is modified as made explicit in the respective subsections below.

4.1.1 Particle dark matter

Since the free-fall time between pulses T is much larger than the duration of the pulses

t1 we look at DM particle scattering during the interval T . Up to irrelevant phases, the

wave-function of the DM-atom system after the second pulse is

 1(t, x) =
1

2

⇣
�out

1 (x) � ei�!T �out

2 (x)
⌘

, (4.3)

 2(t, x) = �
i

2

⇣
�out

2 (x) + e�i�!T �out

1 (x)
⌘

, (4.4)

where the out states are given in eqs. (3.6) and (3.9).

As previously remarked, the leading e↵ect will come from forward scattering where there

is no momentum transfer and the trajectory of the atoms is unchanged. The detection

13
The reader acquainted with neutrino physics might find the following analogy useful: the light pulses

can be taken to be “production” and “detection” with the association of the outcome states (superposition

of energy states) to the interaction basis. During the longer time T the system oscillates freely. The

probabilities in eqs. (4.1) can be interpreted as the outcome of oscillations where nonetheless we can ‘tune’

the energy di↵erence via !.
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Lint = �Gn

Z
d3x (n̄�µ�5n)

�
i�†@µ�+ h.c.

�

and GN ⌘ gNg�/m2

Ã is better bound via invisible decays mediated by Ãµ. Given that we

only assume couplings to u and d, the pion invisible decay gives the strongest constraint:

�⇡!�� =
f2

⇡m3

⇡(gu � gd)
2g2

�

⇡(m2

Ã)2
 10�15 GeV. (5.6)

In the case of heavy mediator (mÃ > m�v ), the sensitivity of magnetometers and atomic

clocks to GN is competitive for m�  10�5 eV as shown in fig. 7.
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Figure 7: Left: constraints on DM-neutron coupling Gn ⌘ gng�/m2

Ã for the scalar DM

case with a heavy mediator (mÃ � 0.1 GeV) from atomic clocks –thick-solid (blue) line –,

magnetometers – thin-solid (green) line–, and DM pair emission in stars – dashed (red) line.

Right: bounds on the product of DM and neutron couplings of the mediator Ã with mass

mÃ = 10m�; same line color coding, with star cooling bound coming from Ã emission.

Our results also imply relevant constraints for higher DM masses in the case of a light

mediator, mÃ ⌧ m�v. The comparative improvement is due to the propagator of the me-

diator, 1/(q2 + m2

Ã), being enhanced in the forward limit (q ! 0) (that co-magnetometers

and atomic clocks are sensitive to) with respect to the case of momentum transfer which

typically has q ⇠ m�v. Remarkably this is true for both velocity and spin dependent

couplings. If one further assumes ⇢� < ⇢DM so that the bound on g� is relaxed, higher

DM masses can be reached with a smaller hierarchy in mÃ/m�. For instance, in fig. 8 we

show the velocity-dependent20 case with ⇢� = 0.05 ⇢DM and mÃ ⇠ 10�7 eV compared to

the strongest constraint, again SN/star cooling via production of the longitudinal mode

of Ãµ. Recall from the paragraph above (4.9) that for these light mediator masses the

atom ‘senses’ DM within a radius 1/mÃ and the average is over the velocity of n�/m3

Ã DM

20 These bounds are derived assuming an asymmetry in particle-antiparticle for DM which results in a

net result proportional to the average velocity. If this asymmetry is absent, one can apply similar ideas as

those for the spin-dependent (non-coherent) situation described below.
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A bit more on pheno of GWs





Taxonomy of GWsA taxonomy of GW signals
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h(t)

phase transitions 

An example signal: cosmological phase transitions

key prediction of many particle physics

models

four parameters:

I temperature Tú
I strength –
I rate —/Hú
I bubble-wall velocity vw

peak frequency

fú ¥ 19 µHz ◊ Tú

100 GeV

—/Hú

vw

alexander.jenkins@kcl.ac.uk Detecting GWs with binary resonance EPS-HEP, 26 July 2021 11 / 13



Stochastic gravitational-wave background (SGWB)

incoherent, persistent GW signal

faint/numerous sources

astrophysical and cosmological

GW density parameter:

œGW(f ) =
1

flcrit

dflGW

d(ln f )
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⇢gw =
1

16⇡G

D
ḣ2
+ + ḣ2

⇥

E
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⌦gw(f) ⌘
1

⇢c

d⇢gw
d(ln f)
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What’s the future of GWs (maybe 2040)?

here and now



Can we use precision physics?



i) Pulsar travels in a medium. Does it lose momentum? Dynamical friction?

How do pulsar signals feel dark matter/GWs?

A way forward: binary resonance

GWs cause oscillations between

orbiting bodies

resonant for frequencies f = n/P,

where P is the period

imprints on the orbit accumulate

over time
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How do pulsar signals feel dark matter/GWs?A way forward: binary resonance

GWs cause oscillations between

orbiting bodies

resonant for frequencies f = n/P,
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imprints on the orbit accumulate

over time
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i) When DM is ultralight, it has a wave behaviour:

one can absorb them efficiently if

2

binary orbital frequency, its e↵ect is resonantly amplified
and leads to a secular change in the orbital period that
can be searched for experimentally. We now proceed to
the quantitative discussion. We start with the case when
DM and ordinary matter interact only gravitationally.

ULDM interacting only through gravity - The
energy-momentum of a free massive oscillating field (1)
corresponds to the density and pressure [16],

⇢DM =
m

2
��

2
0

2
, pDM = �⇢DM cos(2m�t+2⌥) . (2)

The latter generates an oscillating perturbation of the
metric. To find this we use the Newtonian gauge,

ds
2 = �(1 + 2�)dt2 + (1� 2 )�ijdx

i
dx

j
, (3)

and write down the trace of the (ij) Einstein equations,

6 ̈ + 2�(��  ) = 24⇡GpDM .

Neglecting the spatial gradients and using (2) we obtain,

 ̈ = �4⇡G⇢DM cos(2m�t+ 2⌥) . (4)

This can be viewed as a standing scalar GW. Similarly
to the usual GW’s, it produces an extra relative accel-
eration between the bodies in a binary system. This is
conveniently written in the Fermi normal coordinates as-
sociated to the center of mass of the binary [41],

�r̈
i = ��Ri

0j0r
j = � ̈ r

i
, (5)

where r
i is the vector connecting the two bodies and

�R
i
0j0 is the contribution of GW into the corresponding

components of the Riemann tensor. In the last equality
we evaluated �R

i
0j0 in the conformal gauge (3) since it

is coordinate independent at the linearized level.
Next, we compute the change in the energy of a binary

system with masses M1,2 during one orbital period Pb

due to its interaction with ULDM,

�Eb = µ

Z Pb

0
ṙ
i
�r̈

i
dt

= 4⇡G⇢DMµ

Z Pb

0
ṙ(t)r(t) cos(2m�t+ 2⌥)dt ,

where r is the distance between the bodies and µ ⌘
M1M2
M1+M2

is the reduced mass of the system. The energy
exchange is most e�cient when the orbital period is close
to an integer multiple of the period of metric oscillations.
Given that Pb / |Eb|�3/2, the change in Keplerian energy
leads to a secular drift of the orbital period. Defining

�! = 2m� � 2⇡N/Pb , |�!| ⌧ 2m� , (6)

and using the standard formulas of Keplerian mechanics
we obtain the time derivative of the period averaged over
time intervals Pb ⌧ �t ⌧ 2⇡/�!,

hṖbi = �6G⇢DMP
2
b
JN (Ne)

N
f(t) (7)

' �1.6⇥ 10�17

 
⇢DM

0.3 GeV
cm3

!✓
Pb

100 d

◆2
JN (Ne)

N
f(t) ,

where

f(t) = sin
�
�! t+ 2m�t0 + 2⌥

�
,

JN (x) are Bessel functions, e is the orbital eccentricity,
and t0 is the time of the first periastron passage since
t = 0. In the second line of (7) we have normalized ⇢DM

to the local DM density ⇠ 0.3GeV/cm3 in the neighbor-
hood of the Solar System. We observe that, depending
on the relative phase between the orbital motion and the
ULDM oscillations, the sign of hṖbi can be positive (de-
crease of the binary system energy) or negative (increase
of the energy). Furthermore, the sign alternates in time
with the period 2⇡/�! which can be used to discriminate
this e↵ect from other contributions to the measured Ṗb,
such as e.g. those due to the acceleration of the binary
with respect to the Solar System.

The expression (7) implies that the e↵ect vanishes for
circular orbits (e = 0) and grows with the orbital ec-
centricity. Besides, it is stronger for systems with large
orbital periods. These points are illustrated in Fig. 1. We
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FIG. 1. Secular derivative of the orbital period given in
eq. (7) as a function of the dark matter mass. We have set
f(t) = �1 for the numerical estimate. Solid lines assume
resonances for N = 1 (m� = ⇡/Pb), while dashed ones are for
N = 2 (m� = 2⇡/Pb). The corresponding orbital periods are
shown on the two top axes. The pink (lower) lines correspond
to ⇢DM = 0.3GeV/cm3 and e = 0.01, the blue (middle) lines
are for the same ⇢DM but e = 0.9, while the grey (upper)
lines correspond to ⇢DM = 10GeV/cm3 and e = 0.9. The
olive band on the left marks the regions m� . 2.3⇥ 10�23eV
that can be probed by future pulsar timing arrays [16].

see that slow non-relativistic systems with orbital periods
of tens to hundreds of days and high eccentricity present
suitable targets to search for ULDM in the mass range
m� = 10�23 ÷ 10�21eV. At present there is a dozen of
known binary pulsars satisfying these requirements [45];
this number is expected to increase dramatically with the
operation of the Square Kilometer Array [46]. Note that
for such systems the strength of the resonance on higher
harmonics (N � 2) is comparable to the strength of the
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i) It travels in a medium. Is it absorbed?

How do pulsar signals feel dark matter/GWs?

ii) It travels in a medium. Is it modified? (polarization/speed/spectrum)
Andrés Castillo, Jorge Martin-Camalich, Jorge Terol-Calvo, et al JCAP 06 (2022) 06, 014

Figure 1: Time-dependent birefringence induced by the axion DM field. Light is emitted
by a given source (point 1) with a given polarization and received (point 2) with a different
polarization ��(t). The effect is “conservative” in the sense that it depends exclusively on
the difference between the values of the axion field at points 1 and 2. The time dependence
is given by the coherent variation of the axion field, with frequency ⌫c. (Artist: Ève Barlier.)

(2.5) at first order in the background fields, and from the fact that the virialized distribution
is non-relativistic (cold), one can write this field configuration at any time t and position ~x

as,

a(~x, t) = a0(~x) cos (mat+ �(~x)) , (2.11)

where a0(~x) and �(~x) are the amplitude and phase of the field, respectively, at the location
~x. This description is valid for times smaller than the coherence time

⌧c = (ma�
2)�1

' 2 ⇥ 105
⇣

ma

10�22 eV

⌘�1 ⇣ �

10�3

⌘�2
yr, (2.12)

where � ⇠ 10�3 is the dispersion velocity of dark matter in our Galaxy [49] and for distances
smaller than the coherence length

lc = (ma�)
�1

' 65
⇣

ma

10�22 eV

⌘�1 ⇣ �

10�3

⌘�1
pc, (2.13)

around the position ~x. Both properties hinge on the virialized axion field (2.10) containing
modes with different nonrelativistic velocities and random phases, which interfere and deco-
here the net field. To summarize, within the previous limits, the distribution behaves as a
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10�1 100 101 102 103

ma [10�22 eV]

10�13

10�12

10�11

10�10

10�9

10�8

g a
�

[G
eV

�
1 ]

VLBA

CAST

SN 1987A
BICEP-Keck

Pulsar
s Combined

Figure 7: Bounds on the axion-photon coupling as a function of the ALP mass. The blue
area indicates the excluded region at 95% C.L. obtained in this work from the combination of
PPTA and Crab-QUIJOTE pulsars including stochastic effects. The darker gray dot-dashed
line indicates the region excluded by CAST experiment [26]. The gray solid line is the limit
from supernova SN 1987A [27]. The orange area indicates the region excluded by MOJAVE
VLBA. The green region is the excluded zone by BICEP-Keck (smoothed bound) [83].

5 Future prospects

Let us finally comment on future directions and possible ways in which our analysis can be
further improved. One simple extension would be to consider data from pulsars closer to the
Galactic center region One of the problems with this strategy is that the presence of hot,
ionized gas in the central part of our Galaxy may lead to a decrease in the observed flux
density from neutron stars residing in this region. Nevertheless, future surveys such as the
Square Kilometre Array (SKA) [84] and Next Generation Very Large Array (ngVLA) [85] are
expected to probe a sizable population of pulsars in the Galactic center. This should provide
better constraints because of the larger DM density in those regions (the limit on ga� scales
linearly with the square root of the density), and also robust ones because of the large number
of expected detections. In Fig. 8 we show a forecast of the potential reach of an analysis of
10 pulsars, each including 500 observations spanning 5 years with a dispersion and precision
similar to the J0437-4715 data, and with ⇢DM = 46.75 GeV/cm3.

Another intriguing possibility is to consider polarization data from pulsars hosted by
globular clusters. At the moment there is no consensus on the DM profiles of globular clusters,
see e.g. [86–88]. Nevertheless, it is plausible that order 1% of their content is still made of
DM today [89], after being drastically reduced because of tidal stripping and dark matter
thermalization [90]13 . Even if only O(1)% of the total amount of matter in globular clusters

13More aggressive scenarios assume more significant profiles for some globular clusters, see e.g. [91, 92].
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This
redefinition

is
allowed

as
long

as
the

Jacobian
of the

integral is
essentially

one
[10].

Sim
ilarly, we

can
also

redefine
the

other fields: h
µ⌫ , �, and

�̄.

Now
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Figure
3: Field

redefinition
for the

triple
graviton

vertex.

Thus, the
field

redefinition
generates an

expansion
of the

triple
graviton

vertex
as shown

in
Fig. 3, giving

two
new

contributions
for

the
quadruple

graviton
vertex

with
the

two

param
eters

(a
1 , a

2 ).
So, by

choosing
a
proper

value
for

these
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eters, we
can

cancel

som
e
of the

contributions to
the

quadruple
graviton

vertex
in
the

standard
Lagrangian.
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1
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Aµhµ⌫

gravitational wave + EM field = current!

L =
p
�g (R+ Fµ⌫F

µ⌫) � 1

2
Aµj

µ
e↵(h) + ⌘

µ↵
⌘
⌫�
Fµ⌫F↵� +O(h2)L ⇡

gravitational wave + Magnetic field = Generates photons that accumulate in cavities

How do we read out this? We need the best ways to store and detect photons.
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2 Bar, Danieli & Blum

Figure 1. Left: Reproduction of V-band data obtained in Danieli et al. (2022) using Hubble Space Telescope WFC3/UVIS
camera, containing UDG1 and a nearby field (post-selection criteria described in Danieli et al. (2022)). Circles represent 2re↵
and 3re↵ of the stellar light profile, with re↵ the Sérsic radius. Right: A scatter plot of objects from the left panel, divided into
magnitude bins. The magnitude bins for objects at mV < 25.0 mag are relatively clean from background contamination. In
comparison, contamination is significant for the bin 25.0 < mV < 26.5 mag. In our main analysis, we primarily use the r < 2re↵
data of the mV < 25.0 mag bins. We present a preliminary analysis of the 25.0 < mV < 26.5 mag bin in App. D, showing that
the faint objects also exhibit radial clustering above the background, comparable to the stellar body.

The left panel of Fig. 1 shows the V -band Hubble61

Space Telescope (HST) WFC3/UVIS image of UDG162

and its nearby field, adapted from Danieli et al. (2022).63

The right panel shows all compact sources that were64

selected as GC candidates based on the photometric se-65

lection criteria in Danieli et al. (2022). In this work we66

focus on a low contamination sample of GC candidates,67

consisting of the 33 mV < 25.0 mag objects contained68

within 2re↵ (twice the Sérsic half-light radius of the stel-69

lar body; inner circle in Fig. 1), which has a background70

contamination of about 1 object, estimated by compar-71

ison to the nearby field (Danieli et al. 2022). Spectroc-72

scopic information is available for 11 of these bright GCs73

(Müller et al. 2020).74

It is noteworthy that most of the brighter GCs in75

the right panel of Fig. 1 are concentrated in the region76

r < re↵ . To explore this further, in Fig. 2 we show the77

luminosity of this sample of GCs vs. their projected dis-78

tance from the center of the galaxy. The data shows a79

clear trend: more luminous GCs are on average closer80

to the center of the galaxy. We estimate a p-value81

of about 1% for the hypothesis that the data is82

a chance fluctuation and that there is no mass83

segregation (see App. A). This luminosity or mass84

segregation calls for a quantitative dynamical explana-85

tion.86

In this paper we show that this explanation can be87

naturally provided by dynamical friction. The deceler-88

ation experienced by a GC due to dynamical friction in89

a galactic halo is roughly proportional to the GC mass90

m?. Therefore, more massive GCs inspiral closer to the91

center of the galaxy, resulting in mass segregation. This92

simple picture can be expected to hold over an interme-93

diate duration of time: long enough to enable dynamical94

friction to act, but short enough so that GC mergers do95

not convert a large fraction of the total mass in GCs into96

a nuclear cluster. As we will demonstrate, using more97

detailed analytic estimates as well as a suite of numeri-98

cal simulations, UDG1 as we view it today may indeed99

be in this intermediate stage.100

The paper is organized as follows. In Sec. 2 we dis-101

cuss dynamical e↵ects that shape the GC population in102

UDG1 and similar galaxies. In Sec. 3 we recapitulate103

observational studies of UDG1, and define benchmark104

mass models. In Sec. 4 we set up and study N-body105

simulations, in which some dynamical e↵ects (notably106

dynamical friction and GC mass loss) are modeled semi-107
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