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Congratulations, Hitoshi!



Thank you Hitoshi!

I am very grateful for you to have founded this amazing institute, the perfect 
environment for researchers! 



Congratulations, Hitoshi!

Hitoshi’s papers one of  the reasons I work on dark matter and why I came to  



What is dark matter?
• What is the nature of  DM?

State of  the “art"

Mass scale of  DM
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The search for dark matter @
DM science is very strong at IPMU.

We work on this entire range of  DM candidates… 

one of  Hitoshi legacy!

Primordial BHs

Ultra-light DM

Heavy DM

DM at high z Grav. probe DM

COSI

Light DM



Axion/ALP Dark Matter

10−35 kg10−57 kg



Axion/ALP Dark Matter



How to detect dark matter

Gravitationally 
Cosmological and astrophysical searches

+

COSI

Hyper Suprime-Cam (HSC)


Xenon

LHC ILC

CTA

Muon colliders


Super 
Kamiokande

JWST

Prime Focus Spectrograph (PFS)

* not a complete list


All of  these experiments have


involvement or leadership
Talks by  Lindley Winslow, Kai Martens and 
Risshin Okabe
Interaction with the SM



How to detect axion/ALP dark matter

Gravitationally 
Cosmological and astrophysical searches

+

Hyper Suprime-Cam (HSC)


JWST

Prime Focus Spectrograph (PFS)

* not a complete list


Risshin Okabe


Interaction with the SM

Talks by  Lindley Winslow and 
Risshin Okabe




Ultra-light Dark Matter

Ref.: Modified from Chadha-Day et al 2022

Since we are interested in the gravitational signatures…

Tensors

(spin 2)



Ultra-light dark matter

“Ultra-light dark matter”, E.Ferreira, 2020. The Astronomy and

Astrophysics Review.



Ultra-light dark matter

“Ultra-light dark matter”, E.Ferreira, 2020. The Astronomy and

Astrophysics Review.

Andrew 
Eberhardt

Qiuyue 
Liang

Ippei 
Obata

Dongdong 
Zhang

Dan 
Kondo

Margot 
Imbach

Fernanda 
Matos

Shun'ichi 
Horigome

https://inspirehep.net/authors/1799382
https://inspirehep.net/authors/1799382
https://inspirehep.net/authors/1799382


Ultra-light Dark Matter
Ultra-light candidate, cold Large λdB ∼ 1/mv

Lightest possible candidate for DM

10−35 kg10−57 kg

Bosons


Non-thermally produced



Motivation: particle physics
ULDM candidates 

Ref.: Modified from Chadha-Day et al 2022

Many extensions of  the Standard Model predict additional massive bosons

Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Tensors

(spin 2)

- Formation mechanism: needs to have a relic 
abundance that gives the correct DM abundance

A lot of  research in this at IPMU! (e.g. Kaloian, Ippei)



Motivation: particle physics
ULDM candidates 
Many extensions of  the Standard Model predict additional massive bosons

For most of  this talk: 
Gravitational signatures!

Tensors

(spin 2)

Ref.: Modified from Chadha-Day et al 2022



Cosmological signatures



Large scales: 

DM  behaves like standard 
particle DM (CDM).


Small scales: 

DM behaves like a wave 


DM: particles
d � �dB

<latexit sha1_base64="fzEzU73qOWqp4Hj3cjVUfCbxLE4=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRafOxK3bisYB/QhDCZTNKhkwczE7GE/IobF4q49Ufc+TdO0iBqPTBwOOce7p3jJowKaRifWm1ldW19o77Z2Nre2d3T95tDEacckwGOWczHLhKE0YgMJJWMjBNOUOgyMnJn14U/uidc0Di6k/OE2CEKIupTjKSSHL3pQSsIoMVUxENO5vVyR28ZbaMEXCZmRVqgQt/RPywvxmlIIokZEmJiGom0M8QlxYzkDSsVJEF4hgIyUTRCIRF2Vt6ew2OleNCPuXqRhKX6M5GhUIh56KrJEMmp+OsV4n/eJJX+pZ3RKEklifBikZ8yKGNYFAE9ygmWbK4IwpyqWyGeIo6wVHU1yhKuCpx/f3mZDE/b5lm7c9tpdXtVHXVwCI7ACTDBBeiCG9AHA4DBA3gEz+BFy7Un7VV7W4zWtCpzAH5Be/8CUOCUHw==</latexit>

DM: wave behaviour

�dB
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d ⌧ �dB
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Adapted from Quanta

Galaxy halo

Ultra-light candidate Large λdB ∼ 1/mv

10−35 kg

λULDM
dB ∼ pc − kpc
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10�25 eV . m . eV
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10�60 kg

Lightest possible candidate for DM

Ultra-light Dark Matter



Ultra-light Dark Matter -classes
3 classes: 

“Ultra-light dark matter”, E.Ferreira, 2020. The Astronomy and

Astrophysics Review.

DM Superfluid Self  Interacting FDM

 (SIFDM)

Fuzzy DM 

(FDM) 

- Gravitationally bounded ultra-light 
scalar field model 
 - Presence of  (weakly) self-interaction
 - Forms a superfluid in galaxies


- MOND behaviour interior of  
galaxies

Axion and ALP (axion like particles)

Connection with condensed matter and particle physics!⟶

mDOFs gm
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L = P (X)



Fuzzy dark matter




Fuzzy Dark Matter

Fuzzy DM 

(FDM) 

- Gravitationally bounded ultra-light 
scalar field model 

m

Wave DM








(Reviews: EF (2021), J. Niemeyer (2019), L. Hui (2021))
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10�22 eV < m < 10�18 eV



Evolution on small scales: take non-relativistic regime of  the theory, relevant for structure formation. 

Schrödinger-Poisson system : describe the FDM and the SIFDM

Fundamentally different than 
CDM/WDM/SIDM!


i ̇ =

✓
� 1

2m
r2 +

g

8m2
| |2 �m�

◆
 

r2� = 4⇡G(m| |2 � ⇢̄)
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Schrödinger equation

(Gross-Pitaevskii)


Poisson equation

g = 0

g 6= 0 SIFDM

FDM 

Madelung equations

Pint = K⇢(j+1)/j =
g

2m2
⇢2
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Structure formation - non-relativistic regime

Finite Jeans length - 

Suppresses 

structure formation 
on small scales



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021

* Focus only in gravitational signatures



Observational implications and constraints

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

NASA and ESA

N
ASA and ESA

CC BY 4.0

CMB+LSS

Galaxies

Clusters

Dwarfs 

Stellar stream

Globular clusters

ESA



Observational implications and constraints
Fuzzy Dark Matter - bounds on the mass

“Ultra-light dark matter”, E.F., 2020. The Astronomy and

Astrophysics Review.

Bounds consider FDM is all DM

 ,  

      Strong lensing

PTA

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


 ,  

      Strong lensing

PTA

“Ultra-light dark matter”, E.F., 2020

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

Dwarf  galaxies

NASA and ESA

21-cm 

Stellar stream

Superradiance

Current status
Fuzzy Dark Matter - bounds on the mass

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Observational implications and constraints
Fuzzy Dark Matter - bounds on the mass

“Ultra-light dark matter”, E.F., 2020. The Astronomy and

Astrophysics Review.

Bounds consider FDM is all DM

 ,  

      Strong lensing

PTA

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Observational implications and constraints
Fuzzy Dark Matter - bounds on the mass

“Ultra-light dark matter”, E.F., 2020. The Astronomy and

Astrophysics Review.

Bounds consider FDM is all DM

 ,  

      Strong lensing

PTA

Our group

Our group

Our group has some of the strongest bounds on these models!

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


 ,  

      Strong lensing

PTA

Observational implications and constraints “Narrowing the mass range of  Fuzzy Dark 
Matter with Ultra-faint Dwarfs”, J. 
Chan, E.F., K. Hayashi, 2021.Fuzzy Dark Matter - bounds on the mass

Ultra faint dwarfs

Presence of  a core

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Phenomenology
Formation of  cores 

NFW

From simulations Schive et al. 2014, fitting function:

NFW

observed

Relations used to compare 
with observations

FDM Updated by our group (Chan, EF et al 2021)



 ,  

      Strong lensing

PTA

Ultra-light Dark Matter
Fuzzy Dark Matter - bounds on the mass

• Stellar kinematic data from 18 UFDs to fit the 
FDM profile from simulations

FDM mass from Ultra-faint dwarfs

m (Seg1)
FDM = 1.1+8.3

−0.7 × 10−19 eV

Hayashi, E.F,Chan, 2021.

Preference for higher mass 

Ultra faint dwarfs

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Ultra-light Dark Matter
Fuzzy Dark Matter - bounds on the mass

• Stellar kinematic data from 18 UFDs to fit the FDM profile 
from simulations

FDM mass from Ultra-faint dwarfs

Shun'ichi 
Horigome

Shin'ichiro 
Ando

• Repeat the previous analysis with:

(Work in progress)

- Improved modelling of  FDM based on previous work and 
simulation from our group

 ,  

      Strong lensing

PTA

- Using environmental effects to put informed priors for 
Bayesian analysis the dwarfs quantities - SASHIMI

Result: more conservative and improved bounds

Lessons for PFS analysis!

Preparation for PFS!

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021



Phenomenology
Wave interference: granules and vortices

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Simulation by Jowett Chan

Mocz et al. 2017
Order one fluctuations in density          ⟶ Constructive interference: granules


Destructive interference Hard to observe!



Vector, higher spin or multicomponent FDM

Amin et al 2022

Gonseca et al 2023

Vector (and higher-spin) FDM

Multicomponent FDM

ULDM or ULA are a coherent wave - same frequency and constant phase difference

(Vector FDM = 3 x same mass FDM (spin 0))

Interference patterns

Multiple coherent waves 

For ULDM:
Gonseca et al 2023

Multiple FDM or VFDM (or higher spin s FDM) 
attenuates the granule amplitude by

<latexit sha1_base64="0Gruk7OXA9zOePuEPuZjLwj+MiE="></latexit>
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N

(Amin et al 2022)



Interference pattern

 fluctuations in density          𝒪(1) ⟶

PROBES:

- Strong lensing

- Stellar streams

- Heating

Best probe for ULDM 

FDM constraints 2.0



Modeling a granular halo
Coherent wave oscillation of  ULDM

<latexit sha1_base64="Ypi9mwSX3ZdPn+IPH+JCJOdXXAg="></latexit>
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Modeling a granular halo
Coherent wave oscillation of  ULDM

<latexit sha1_base64="Ypi9mwSX3ZdPn+IPH+JCJOdXXAg="></latexit>

�(t, ~x) = m�1
p

2⇢(t, ~x) cos[mt+ ✓]

Fixed 
freq.

Constant 
phase

Nakatsuka et al 2022

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Superposition of  plane waves

…

But, the halo in these models is like this:



Modeling a granular halo
Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)

…

OR

We can adopt simpler descriptions of  the galactic halo to describe this effect.

1) A simple model of  a galactic halo, consider a superposition of  plane waves:

Wave interference produces de-Broglie-scale, order unity density 
fluctuations which vary on time scale of  tdB ⌘

mv

= 1.9⇥ 106 yr

✓
10�22 eV

m

◆✓
250 km/s

v

◆2

Randomly distributed

This collection of  plane waves can also be represented like this:
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�(t, ~x) = A(~x) cos(mt+ ↵(~x))
describes the interference 
patterns



Modeling a granular halo
Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)

OR

We can adopt simpler descriptions of  the galactic halo to describe this effect.

1) A simple model of  a galactic halo, consider a superposition of  plane waves:

2) A more realistic model would superimpose eigenstates of  a desired gravitational potential (Lin et al. 2018, Li et al. 2021)

Perform an eigenmode decomposition of  the halo wavefunction, where the eigenmodes are for a fixed gravitational potential

   is the energy of  each eigenmode (labeled abstractly by k), with  replaced by the corresponding eigenfunction.→ ωk ei ⃗k⋅ ⃗x

Radial eigenfunction

Spherical harmonics

Energy eigenvalue

energy eigenmodes of  the 
gravitational potential of  the 
virialized halo



 ,  

Interference patterns - granules

 ,  

      Strong lensing A. Laroche et al, 2022

Dalal et al, 2022

Strong lensing

Stellar heating

mFDM > 10−21.5 eV

mFDM > 3 × 10−19 eV

      Strong lensing D. Powell et al, 2023
<latexit sha1_base64="Kv4egoDel/IeBMzNmK+83XFN/f8=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXtcyU+lhJURE3QgX7gM5YMmnahiaZIckIZZifcOOvuHGhiFvBnX9jpu1CWw9cOJxzL/fe44eMKm3b39bc/MLi0nJmJbu6tr6xmdvarqsgkpjUcMAC2fSRIowKUtNUM9IMJUHcZ6ThDy5Sv/FApKKBuNPDkHgc9QTtUoy0kdq5Am/HV5c3CTyD5WIZuppyoqBj38eHJSeBbgG6HOm+5DGpJ+1c3i7aI8BZ4kxIHkxQbee+3E6AI06Exgwp1XLsUHsxkppiRpKsGykSIjxAPdIyVCCz3ItHXyVw3ygd2A2kKaHhSP09ESOu1JD7pjM9UU17qfif14p099SLqQgjTQQeL+pGDOoAphHBDpUEazY0BGFJza0Q95FEWJsgsyYEZ/rlWVIvFZ3j4tFtOV85n8SRAbtgDxwAB5yACrgGVVADGDyCZ/AK3qwn68V6tz7GrXPWZGYH/IH1+QNe+5yB</latexit>

mFDM > 4.4⇥ 10�21 eV

Heating

System (star) gains 
energy

FDM granule

Constraints 2.0

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


 ,  

Interference patterns - granules

 ,  

      Strong lensing A. Laroche et al, 2022

Dalal et al, 2022

Strong lensing

Stellar heating

mFDM > 10−21.5 eV

mFDM > 3 × 10−19 eV

      Strong lensing D. Powell et al, 2023
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mFDM > 4.4⇥ 10�21 eV

Heating

System (star) gains 
energy

FDM granule

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
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Strong lensing
Low mass perturber with lensing

• Strong lensing: powerful probe of  substructure


• Sensitivity is limited by angular angular resolution 


• Roughly speaking, the resolution must be better than the scale 

radius of  the perturber



Strong lensing

Previous works:

J. Chan, H.Schive, S.g Wong, T. Chiueh, T. Broadhurst, 2020

A. Laroche, Daniel Gilman, X. Li, J. Bovy, X. Du, 2022 


Presence of  granules 

J. C
han et al. 2020

Low mass perturber with lensing

Fuzzy lens: fluctuating tangencial critical curve; flux ratio 
anomalies also sizable.

Surface densities overlaid with sources and quad images 
for fuzzy and smooth lenses



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc


D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola


MG J0751+2716

Data taken at 1.6 GHz using global very long baseline interferometry (VLBI) with an angular resolution, measured as the 
full width at half  maximum (FWHM) of  the main lobe of  the dirty beam response, of  5.5×1.8 mas2 


• Lensed radio jet, observed with global VLBI


• First image of  a lensed radio jet! 


• Source structure allows us to “image” the lens surface density 


• Extended lensed radio arcs and the milli-arcsecond resolution 

provide direct sensitivity to the presence of  FDM granules  in 

the halo of  the lens galaxy


Bayesian approach to jointly inferring the lens mass model and 

source surface brightness distribution 


(Suyu et al. 2006; Vegetti & Koopmans 2009; Hezaveh et al. 2016; Rizzo et al. 2018) 



Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc


D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola


Example convergence maps with corresponding MAP surface mass density maps (𝜅, in units of  the critical density Σ𝑐) reconstruction for 4 
random realizations of  MG J0751+2716 in an FDM cosmology - the model lensed images in orange contours 


The lensing effect of  the FDM granules is apparent: The critical curves wiggle back and forth across the lensed arcs, which would require the 
presence of  multiple images of  the same region of  the source along the arc. 




Strong lensing A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from 
an extended gravitational arc


D. Powell, S. Vegetti, J.P. McKean, S. White, EF, S. May, C. Spingola


Fuzzy dark matter

(Single spin-0 particle)

Vector fuzzy dark matter

(spin-1 particle)


OR 3 same mass FDM

Spin-2 FDM
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mfdm > 4.4⇥ 10�21 eV
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mspin�2 > 8.8⇥ 10�22 eV
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mvdm > 1.4⇥ 10�21 eV

Results quoted in terms of  posterior odds ratio (POR) between FDM with a particle mass  and 
the smooth model, / smooth 

mfdm
𝒫 𝒫



 ,  

      Strong lensing

PTA

Fuzzy Dark Matter - bounds on the mass
Current status

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Pulsar Timing array
NANOGrav, EPTA, PPTA, and InPTA announced that they found evidence 

for a gravitational wave background

EPTA - 

CPTA - 

3σ
4.6σ

Hellings-Downs curve refers to the wave-like shape predicted to appear in a plot of  
timing residual correlations versus the angle of  separation between pairs of pulsars



Pulsar Timing array
NANOGrav, EPTA, PPTA, and InPTA announced that they found evidence 

for a gravitational wave background

- Ensemble of  binary supermassive black-holes


- New physics

Possibility of  being a Gravitational Wave Background signal 
caused by:



Pulsar Timing array

"Second Data Release from the European Pulsar Timing Array: Challenging the Ultralight 
Dark Matter Paradigm"

Clemente Smarra et al. (European Pulsar Timing Array), Phys. Rev. Lett. 131, 171001


Ultra-light DM:

The presence of  ULDM induces an oscillating gravitational potential that affects the light travel time of  radio pulses emitted by pulsars. 

PTAs can be used to test the presence of  ULDM particles in the MW  how ULDM affects the SGWB in PTA system⟶

Coherent wave oscillation of  ULDM

<latexit sha1_base64="aFGkc8+bgNTgB5aHKimV5dtihMQ="></latexit>

�(t, ~x) = m�1
p

2⇢(t, ~x) cos[mt+ ✓(t, ~x)]

Sources an oscillating gravitational potential

 Khmelnitsky & Rubakov (2014)



Pulsar Timing array "Second Data Release from the European Pulsar Timing Array: Challenging the Ultralight Dark Matter Paradigm"


Clemente Smarra et al. (European Pulsar Timing Array), Phys. Rev. Lett. 131, 171001


The presence of  ULDM induces an oscillating gravitational potential that affects the light travel time of  radio pulses emitted by pulsars. 

PTAs can be used to test the presence of  ULDM particles in the MW  how ULDM affects the SGWB in PTA system⟶

<latexit sha1_base64="aFGkc8+bgNTgB5aHKimV5dtihMQ="></latexit>

�(t, ~x) = m�1
p

2⇢(t, ~x) cos[mt+ ✓(t, ~x)]

Sources an oscillating gravitational potential. Solving the 00 and ii 
components of  Einstein’s equations at first order:

 Khmelnitsky & Rubakov (2014)

r2� = 4⇡G(m| |2 � ⇢̄)
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⇒

1) 00: constant that obeys Poisson eq.

2) Trace part if  ij: oscillating part obeying:
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P = (�̇2 �m2�2)/2with oscillating with frequency 2m

 oscillates with frequency  (and amplitude )Φ 2m πGρ/m2 In the Milky Way: the constant part of   is of  
the order ;  the oscillating part is ~ 

Φ
10−6 10−12



Pulsar Timing array "Second Data Release from the European Pulsar Timing Array: Challenging the Ultralight Dark Matter Paradigm"


Clemente Smarra et al. (European Pulsar Timing Array), Phys. Rev. Lett. 131, 171001


Coherent wave oscillation of  ULDM:  oscillates with frequency  (and amplitude )Φ 2m πGρ/m2
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�0 ⇠ G⇢dm/k2From Poisson eq.:
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�c(~x) = (1/2)⇡GA(~x)2 = ⇡
G⇢dm(~x)

m2
Oscillating part:

(smaller  by a factor of  )Φ0 k2/m2 = v2

This oscillation induces a time-dependent frequency shift and a time delay for any propagating signal. This is a displacement in 
the time on arrival (TOAs) of  radio pulses emitted by pulsars
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�tdm(t) = �
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dt0
pulse arrival frequency at the detector at the moment t
frequency in the absence of  this oscillation - coincides 
with the pulse emission frequency at the pulsar
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 This expression depends on the distance to the pulsar and the 
scalar field phase  at the locations of  the pulsar and the detector.α



Pulsar Timing array
Comparing with GWs
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For a single monochromatic gravitation wave with frequency ω and 
characteristic strain  the amplitude of  the timing residualhc

ULDM GWs

Root mean square values of  the time residuals, averaged over the 
distance to the pulsar:

Direction to the 
source

Polarization angle 
of  GW

RMS: averaged over  ( ),  and :D ωD ≪ 1 θ ψULDM has same effect on the pulsar timing measurements as GWB with 
characteristic strain:


At frequency




Pulsar Timing array
Comparing with GWs
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ULDM

Root mean square values of  the time residuals, averaged over the 
distance to the pulsar:

ULDM has same effect on the pulsar timing measurements as GWB with 
characteristic strain:


At frequency


EPTA: for the ULDM coherent oscillation, the PTA 
frequency coverage corresponds to 
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Pulsar Timing array
"Second Data Release from the European Pulsar Timing Array: Challenging the Ultralight 
Dark Matter Paradigm"

Clemente Smarra et al. (European Pulsar Timing Array), Phys. Rev. Lett. 131, 171001
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 accounts for the interference pattern in the proximity of   
̂ϕ( ⃗x) ⃗x

<latexit sha1_base64="c5MBTT8fvy9qQDCDVMZcbyG4GMo="></latexit>

�tdm =
�(~x)

2m

⇥
�2
E sin(2m+ ↵E)� �2

P sin(2m+ ↵P )
⇤^
 ^


<latexit sha1_base64="18pGTQbRnZjJ+ZFVna53O3bKP8I="></latexit>

↵P ⌘ 2↵(~xp)� 2mdp/c;

Mass (eV)
<latexit sha1_base64="68fqA7l9goL2SeuTz/mO2WAyNAU=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1qSUqrLohuXFewDmlgm00k7dGYSZiZCCcWNv+LGhSJu/Qp3/o2TNgutHrhwOOde7r0niBlV2nG+rMLS8srqWnG9tLG5tb1j7+61VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnGV5nfuSdS0Ujc6klMfI6GgoYUI22kvn3gOnfpWbU2hd4p9DjSI8lT0p5C2LfLTsWZAf4lbk7KIEezb396gwgnnAiNGVKq5zqx9lMkNcWMTEteokiM8BgNSc9QgThRfjp7YQqPjTKAYSRNCQ1n6s+JFHGlJjwwndmRatHLxP+8XqLDCz+lIk40EXi+KEwY1BHM8oADKgnWbGIIwpKaWyEeIYmwNqmVTAju4st/SbtaceuV+k2t3LjM4yiCQ3AEToALzkEDXIMmaAEMHsATeAGv1qP1bL1Z7/PWgpXP7INfsD6+AX2ElZo=</latexit>

10�24 eV
<latexit sha1_base64="4Zy88/0Wn8GLiSYcQpEH5r1BuKY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1qSKtVl0Y3LCvYBTSyT6bQdOjMJMxOhhODGX3HjQhG3foU7/8ZJm4VWD1w4nHMv994TRIwq7ThfVmFhcWl5pbhaWlvf2Nyyt3daKowlJk0cslB2AqQIo4I0NdWMdCJJEA8YaQfjq8xv3xOpaChu9SQiPkdDQQcUI22knr3nOnfJSfU0hd4x9DjSI8kT0koh7Nllp+JMAf8SNydlkKPRsz+9fohjToTGDCnVdZ1I+wmSmmJG0pIXKxIhPEZD0jVUIE6Un0xfSOGhUfpwEEpTQsOp+nMiQVypCQ9MZ3akmvcy8T+vG+vBhZ9QEcWaCDxbNIgZ1CHM8oB9KgnWbGIIwpKaWyEeIYmwNqmVTAju/Mt/SatacWuV2s1ZuX6Zx1EE++AAHAEXnIM6uAYN0AQYPIAn8AJerUfr2Xqz3metBSuf2QW/YH18A3vulZk=</latexit>

10�23 eV
<latexit sha1_base64="dTUONbU1gLxiVRRCfibWTHrMask=">AAACRHichVDLSsNAFJ3UV62vqEs3g0VwoSUpUl0W3bisYB/QxDKZTNqhM0k6MxFK6Me58QPc+QVuXCjiVpy0WWgreGDgcO653DPHixmVyrKejcLS8srqWnG9tLG5tb1j7u61ZJQITJo4YpHoeEgSRkPSVFQx0okFQdxjpO0Nr7J5+54ISaPwVo1j4nLUD2lAMVJa6pld27pLT6vVCXROoMORGgiektYEQmc0SpAP4cxg/2ewFg09s2xVrCngIrFzUgY5Gj3zyfEjnHASKsyQlDpcrNwUCUUxI5OSk0gSIzxEfdLVNEScSDedljCBR1rxYRAJ/UIFp+rPjRRxKcfc084spJyfZeJfs26iggs3pWGcKBLi2aEgYVBFMGsU+lQQrNhYE4QF1VkhHiCBsNK9l3QJ9vyXF0mrWrFrldrNWbl+mddRBAfgEBwDG5yDOrgGDdAEGDyAF/AG3o1H49X4MD5n1oKR7+yDXzC+vgEOzq1p</latexit>

10�22 eV 10�21 eV 10�20 eV
<latexit sha1_base64="dTUONbU1gLxiVRRCfibWTHrMask=">AAACRHichVDLSsNAFJ3UV62vqEs3g0VwoSUpUl0W3bisYB/QxDKZTNqhM0k6MxFK6Me58QPc+QVuXCjiVpy0WWgreGDgcO653DPHixmVyrKejcLS8srqWnG9tLG5tb1j7u61ZJQITJo4YpHoeEgSRkPSVFQx0okFQdxjpO0Nr7J5+54ISaPwVo1j4nLUD2lAMVJa6pld27pLT6vVCXROoMORGgiektYEQmc0SpAP4cxg/2ewFg09s2xVrCngIrFzUgY5Gj3zyfEjnHASKsyQlDpcrNwUCUUxI5OSk0gSIzxEfdLVNEScSDedljCBR1rxYRAJ/UIFp+rPjRRxKcfc084spJyfZeJfs26iggs3pWGcKBLi2aEgYVBFMGsU+lQQrNhYE4QF1VkhHiCBsNK9l3QJ9vyXF0mrWrFrldrNWbl+mddRBAfgEBwDG5yDOrgGDdAEGDyAF/AG3o1H49X4MD5n1oKR7+yDXzC+vgEOzq1p</latexit>

10�22 eV 10�21 eV 10�20 eV
<latexit sha1_base64="dTUONbU1gLxiVRRCfibWTHrMask=">AAACRHichVDLSsNAFJ3UV62vqEs3g0VwoSUpUl0W3bisYB/QxDKZTNqhM0k6MxFK6Me58QPc+QVuXCjiVpy0WWgreGDgcO653DPHixmVyrKejcLS8srqWnG9tLG5tb1j7u61ZJQITJo4YpHoeEgSRkPSVFQx0okFQdxjpO0Nr7J5+54ISaPwVo1j4nLUD2lAMVJa6pld27pLT6vVCXROoMORGgiektYEQmc0SpAP4cxg/2ewFg09s2xVrCngIrFzUgY5Gj3zyfEjnHASKsyQlDpcrNwUCUUxI5OSk0gSIzxEfdLVNEScSDedljCBR1rxYRAJ/UIFp+rPjRRxKcfc084spJyfZeJfs26iggs3pWGcKBLi2aEgYVBFMGsU+lQQrNhYE4QF1VkhHiCBsNK9l3QJ9vyXF0mrWrFrldrNWbl+mddRBAfgEBwDG5yDOrgGDdAEGDyAF/AG3o1H49X4MD5n1oKR7+yDXzC+vgEOzq1p</latexit>

10�22 eV 10�21 eV 10�20 eV

UncorrelatedCorrelated
Pulsar

correlated

… …



Pulsar Timing array "Second Data Release from the European Pulsar Timing Array: Challenging the Ultralight 
Dark Matter Paradigm"

Clemente Smarra et al. (European Pulsar Timing Array), Phys. Rev. Lett. 131, 171001


 
fϕ ≲ 30 − 40 %

 up to 
fϕ ∼ 70 %



Pulsar Timing array "Second Data Release from the European Pulsar Timing Array: Challenging the Ultralight 
Dark Matter Paradigm"

Clemente Smarra et al. (European Pulsar Timing Array), Phys. Rev. Lett. 131, 171001


 
fϕ ≲ 30 − 40 %

 up to 
fϕ ∼ 70 %

C
re

di
t: 

Ke
ir 

Ro
ge

rs



Considering the interference pattern 

(Work in progress)

Nakatsuka et al 2022

Our analysis:  
'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

In collaboration with Andrew Eberhardt 
and Qiuyue Liang

Random phase halo model: as a simple model of  a 
galactic halo, consider a superposition of  plane waves:

<latexit sha1_base64="RwgAtNs1HJ4uj/+UXF6GahMJEH0="></latexit>

�(t, ~x) =
NX

i

�(0)p
N

cos
⇣
mt+

m

2
v2i t�m~vi · ~x+ ✓i

⌘

<latexit sha1_base64="68fqA7l9goL2SeuTz/mO2WAyNAU=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1qSUqrLohuXFewDmlgm00k7dGYSZiZCCcWNv+LGhSJu/Qp3/o2TNgutHrhwOOde7r0niBlV2nG+rMLS8srqWnG9tLG5tb1j7+61VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnGV5nfuSdS0Ujc6klMfI6GgoYUI22kvn3gOnfpWbU2hd4p9DjSI8lT0p5C2LfLTsWZAf4lbk7KIEezb396gwgnnAiNGVKq5zqx9lMkNcWMTEteokiM8BgNSc9QgThRfjp7YQqPjTKAYSRNCQ1n6s+JFHGlJjwwndmRatHLxP+8XqLDCz+lIk40EXi+KEwY1BHM8oADKgnWbGIIwpKaWyEeIYmwNqmVTAju4st/SbtaceuV+k2t3LjM4yiCQ3AEToALzkEDXIMmaAEMHsATeAGv1qP1bL1Z7/PWgpXP7INfsD6+AX2ElZo=</latexit>

10�24 eV
<latexit sha1_base64="4Zy88/0Wn8GLiSYcQpEH5r1BuKY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1qSKtVl0Y3LCvYBTSyT6bQdOjMJMxOhhODGX3HjQhG3foU7/8ZJm4VWD1w4nHMv994TRIwq7ThfVmFhcWl5pbhaWlvf2Nyyt3daKowlJk0cslB2AqQIo4I0NdWMdCJJEA8YaQfjq8xv3xOpaChu9SQiPkdDQQcUI22knr3nOnfJSfU0hd4x9DjSI8kT0koh7Nllp+JMAf8SNydlkKPRsz+9fohjToTGDCnVdZ1I+wmSmmJG0pIXKxIhPEZD0jVUIE6Un0xfSOGhUfpwEEpTQsOp+nMiQVypCQ9MZ3akmvcy8T+vG+vBhZ9QEcWaCDxbNIgZ1CHM8oB9KgnWbGIIwpKaWyEeIYmwNqmVTAju/Mt/SatacWuV2s1ZuX6Zx1EE++AAHAEXnIM6uAYN0AQYPIAn8AJerUfr2Xqz3metBSuf2QW/YH18A3vulZk=</latexit>

10�23 eV
<latexit sha1_base64="dTUONbU1gLxiVRRCfibWTHrMask=">AAACRHichVDLSsNAFJ3UV62vqEs3g0VwoSUpUl0W3bisYB/QxDKZTNqhM0k6MxFK6Me58QPc+QVuXCjiVpy0WWgreGDgcO653DPHixmVyrKejcLS8srqWnG9tLG5tb1j7u61ZJQITJo4YpHoeEgSRkPSVFQx0okFQdxjpO0Nr7J5+54ISaPwVo1j4nLUD2lAMVJa6pld27pLT6vVCXROoMORGgiektYEQmc0SpAP4cxg/2ewFg09s2xVrCngIrFzUgY5Gj3zyfEjnHASKsyQlDpcrNwUCUUxI5OSk0gSIzxEfdLVNEScSDedljCBR1rxYRAJ/UIFp+rPjRRxKcfc084spJyfZeJfs26iggs3pWGcKBLi2aEgYVBFMGsU+lQQrNhYE4QF1VkhHiCBsNK9l3QJ9vyXF0mrWrFrldrNWbl+mddRBAfgEBwDG5yDOrgGDdAEGDyAF/AG3o1H49X4MD5n1oKR7+yDXzC+vgEOzq1p</latexit>

10�22 eV 10�21 eV 10�20 eV
<latexit sha1_base64="dTUONbU1gLxiVRRCfibWTHrMask=">AAACRHichVDLSsNAFJ3UV62vqEs3g0VwoSUpUl0W3bisYB/QxDKZTNqhM0k6MxFK6Me58QPc+QVuXCjiVpy0WWgreGDgcO653DPHixmVyrKejcLS8srqWnG9tLG5tb1j7u61ZJQITJo4YpHoeEgSRkPSVFQx0okFQdxjpO0Nr7J5+54ISaPwVo1j4nLUD2lAMVJa6pld27pLT6vVCXROoMORGgiektYEQmc0SpAP4cxg/2ewFg09s2xVrCngIrFzUgY5Gj3zyfEjnHASKsyQlDpcrNwUCUUxI5OSk0gSIzxEfdLVNEScSDedljCBR1rxYRAJ/UIFp+rPjRRxKcfc084spJyfZeJfs26iggs3pWGcKBLi2aEgYVBFMGsU+lQQrNhYE4QF1VkhHiCBsNK9l3QJ9vyXF0mrWrFrldrNWbl+mddRBAfgEBwDG5yDOrgGDdAEGDyAF/AG3o1H49X4MD5n1oKR7+yDXzC+vgEOzq1p</latexit>

10�22 eV 10�21 eV 10�20 eV
<latexit sha1_base64="dTUONbU1gLxiVRRCfibWTHrMask=">AAACRHichVDLSsNAFJ3UV62vqEs3g0VwoSUpUl0W3bisYB/QxDKZTNqhM0k6MxFK6Me58QPc+QVuXCjiVpy0WWgreGDgcO653DPHixmVyrKejcLS8srqWnG9tLG5tb1j7u61ZJQITJo4YpHoeEgSRkPSVFQx0okFQdxjpO0Nr7J5+54ISaPwVo1j4nLUD2lAMVJa6pld27pLT6vVCXROoMORGgiektYEQmc0SpAP4cxg/2ewFg09s2xVrCngIrFzUgY5Gj3zyfEjnHASKsyQlDpcrNwUCUUxI5OSk0gSIzxEfdLVNEScSDedljCBR1rxYRAJ/UIFp+rPjRRxKcfc084spJyfZeJfs26iggs3pWGcKBLi2aEgYVBFMGsU+lQQrNhYE4QF1VkhHiCBsNK9l3QJ9vyXF0mrWrFrldrNWbl+mddRBAfgEBwDG5yDOrgGDdAEGDyAF/AG3o1H49X4MD5n1oKR7+yDXzC+vgEOzq1p</latexit>

10�22 eV 10�21 eV 10�20 eV

…

de Broglie scale time delays

<latexit sha1_base64="aFGkc8+bgNTgB5aHKimV5dtihMQ="></latexit>

�(t, ~x) = m�1
p

2⇢(t, ~x) cos[mt+ ✓(t, ~x)]

de Broglie scale time delays
Mass 

Our work



Pulsar Timing array
Considering the interference pattern 

(Work in progress)

Our analysis:  

In collaboration with Andrew Eberhardt 
and Qiuyue Liang

<latexit sha1_base64="2KZSLUMudEjeBTu6K0B02d4cPgM="></latexit>

⌧coh =
2⇡

�E�
⇠ 106 Tosc

<latexit sha1_base64="7HKtce+CxkONov8BiONMVwCPm9w=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURqS6LblxWsA9oQphMJ+3QmSTM3Ag1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3njAVXIPjfFtLyyura+uljfLm1vbOrr2339JJpihr0kQkqhMSzQSPWRM4CNZJFSMyFKwdDm8mfvuBKc2T+B5GKfMl6cc84pSAkQL7UHpnGLAnBPaAZEFOk8E4sCtO1ZkCLxK3IBVUoBHYX14voZlkMVBBtO66Tgp+ThRwKti47GWapYQOSZ91DY2JZNrPp9eP8YlRejhKlKkY8FT9PZETqfVIhqZTEhjoeW8i/ud1M4iu/JzHaQYsprNFUSYwJHgSBe5xxSiIkSGEKm5uxXRAFKFgAiubENz5lxdJ67zq1qq1u4tK/bqIo4SO0DE6RS66RHV0ixqoiSh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDlD2Usg==</latexit>

mt ⌧ ⌧coh
<latexit sha1_base64="Wylz8LXnr72y9rvqCy3qOhSCTo8=">AAACEHicbVA9SwNBEN3zM8avU0ubxSBaSLgTURtBtLGMYIyQO469zSZZ3I9jd04IR36CjX/FxkIRW0s7/42beIUaHww83pthZl6aCW4hCD69qemZ2bn5ykJ1cWl5ZdVfW7+2OjeUNakW2tykxDLBFWsCB8FuMsOITAVrpbfnI791x4zlWl3BIGOxJD3Fu5wScFLi78hoDwM+wZAUmdEZ6TlD9YY4slziCEieFFT3h4lfC+rBGHiShCWpoRKNxP+IOprmkimggljbDoMM4oIY4FSwYTXKLcsIvSU91nZUEclsXIwfGuJtp3RwVxtXCvBY/TlREGntQKauUxLo27/eSPzPa+fQPY4LrrIcmKLfi7q5wKDxKB3c4YZREANHCDXc3YppnxhCwWVYdSGEf1+eJNf79fCwfnh5UDs9K+OooE20hXZRiI7QKbpADdREFN2jR/SMXrwH78l79d6+W6e8cmYD/YL3/gU7ppzF</latexit>

mt = tpropagating ⇠ ⌧coh <latexit sha1_base64="MHMDBvYdNyAQMdcNs2F5W/MzS68=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBQsKuSLQRgjaWEcwDsmGZnUySITM7y8xdISwpbfwVGwtFbP0EO//GyaPQxAMXDufcy733RIngBjzv28ktLa+sruXXCxubW9s77u5e3ahUU1ajSijdjIhhgsesBhwEayaaERkJ1ogGN2O/8cC04Sq+h2HC2pL0Yt7llICVQvdQBqcY8BWGMFORGeHAcIkDIGmYUdUfhW7RK3kT4EXiz0gRzVAN3a+go2gqWQxUEGNavpdAOyMaOBVsVAhSwxJCB6THWpbGRDLTziaPjPCxVTq4q7StGPBE/T2REWnMUEa2UxLom3lvLP7ntVLoXrYzHicpsJhOF3VTgUHhcSq4wzWjIIaWEKq5vRXTPtGEgs2uYEPw519eJPWzkl8ule/Oi5XrWRx5dICO0Any0QWqoFtURTVE0SN6Rq/ozXlyXpx352PamnNmM/voD5zPH5YimR0=</latexit>

mt = tobs ⇠ ⌧coh

<latexit sha1_base64="8o2+BNlnNJcG/ryAUnI6zcWMcyg=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEI7aUkItVj0YvHCvYDmlA22027dDcJuxOhxB78K148KOLVv+HNf+O2zUFbHww83pthZl6QCK7Bcb6tldW19Y3NwlZxe2d3b98+OGzpOFWUNWksYtUJiGaCR6wJHATrJIoRGQjWDkY3U7/9wJTmcXQP44T5kgwiHnJKwEg9+9hrDHkZKtjTXGKPxrosMVR6dsmpOjPgZeLmpIRyNHr2l9ePaSpZBFQQrbuuk4CfEQWcCjYpeqlmCaEjMmBdQyMimfaz2f0TfGaUPg5jZSoCPFN/T2REaj2WgemUBIZ60ZuK/3ndFMIrP+NRkgKL6HxRmAoMMZ6GgftcMQpibAihiptbMR0SRSiYyIomBHfx5WXSOq+6tWrt7qJUv87jKKATdIrKyEWXqI5uUQM1EUWP6Bm9ojfryXqx3q2PeeuKlc8coT+wPn8AxP6UrA==</latexit>

�(t) ⇠ cos(mt)

<latexit sha1_base64="5RsbC134tcX6zJbx0GfrqZVMJ5c=">AAACEnicbVDLSgMxFM3UV62vqks3wSIoSJlRqS6LblxWsA/olCGTpm1okglJRhiG+QY3/oobF4q4deXOvzHTdqGtBy4czrmXe+8JJaPauO63U1haXlldK66XNja3tnfKu3stHcUKkyaOWKQ6IdKEUUGahhpGOlIRxENG2uH4JvfbD0RpGol7k0jS42go6IBiZKwUlE9MkEoVSTS0ghhm0NeUw3PXdaF/Cn2OzEjxNFE6C8oVt+pOABeJNyMVMEMjKH/5/QjHnAiDGdK667nS9FKkDMWMZCU/1kQiPEZD0rVUIE50L528lMEjq/ThIFK2hIET9fdEirjWCQ9tZ36jnvdy8T+vG5vBVS+lQsaGCDxdNIgZNBHM84F9qgg2LLEEYUXtrRCPkELY2BRLNgRv/uVF0jqrerVq7e6iUr+exVEEB+AQHAMPXII6uAUN0AQYPIJn8ArenCfnxXl3PqatBWc2sw/+wPn8AYL3nWI=</latexit>

tpropagating ⇠ 3000 yrs

<latexit sha1_base64="7tEigjbVfwk2JUZIyZnwfk2aj5k="></latexit>

3000 yrs ⇠ 106/m

m ⇠ 4.38⇥ 10�20eV

<latexit sha1_base64="ayP4i+hJtfrW5f2Mk76k/la4ByI="></latexit>

30 yrs ⇠ 106/m

m ⇠ 1.3⇥ 10�17eV

<latexit sha1_base64="XuD0gn3DSEaf9jaeVCzP/+U5LoU=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJKIVJdFNy4r2Ac0IUymk3boTCbMTIQSsnTjr7hxoYhbP8Gdf+OkzUJbD1w4nHMv994TJowq7Tjf1tLyyuraemWjurm1vbNr7+13lEglJm0smJC9ECnCaEzammpGeokkiIeMdMPxTeF3H4hUVMT3epIQn6NhTCOKkTZSYB/pIBOhyqGnKIeuA70z6HGkR5JnE6nywK45dWcKuEjcktRAiVZgf3kDgVNOYo0ZUqrvOon2MyQ1xYzkVS9VJEF4jIakb2iMOFF+Nn0khydGGcBISFOxhlP190SGuFITHprO4kY17xXif14/1dGVn9E4STWJ8WxRlDKoBSxSgQMqCdZsYgjCkppbIR4hibA22VVNCO78y4ukc153G/XG3UWteV3GUQGH4BicAhdcgia4BS3QBhg8gmfwCt6sJ+vFerc+Zq1LVjlzAP7A+vwB2/yZRA==</latexit>

tobs ⇠ 10 yrsCorrelated

Large granules:

+

Angular correlation of  PTA signal within a 
granular size would be enhanced due to the 
superposition. 


Ex.: , granules of 1/10 of kpc  m ∼ 10−22 eV Pulse would go through many granules 
during the propagation.




de Broglie scale time delays de Broglie scale time delays in pulsar networks for 

ultralight dark matter


Andrew Eberhardt, Qiuyue Liang, EF, 2411.18051

granules  fluctuate on timescales similar to observational timescales
<latexit sha1_base64="idcdTIy9KtcMS2q07wyibz+Wf64=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJUg1DJWsDAWiT6kJlSO67ZWbSeyHaQqyszCr7AwgBArX8DG3+C0GaDlSFc6Oude3XtPEDGqtON8W4Wl5ZXVteJ6aWNza3vH3t1rqTCWmDRxyELZCZAijArS1FQz0okkQTxgpB2MrzO//UCkoqG405OI+BwNBR1QjLSRevYhh95QG59D17lPztxaCr1T6HGkR5InpJX27LJTcaaAi8TNSRnkaPTsL68f4pgToTFDSnVdJ9J+gqSmmJG05MWKRAiP0ZB0DRWIE+Un01dSeGyUPhyE0pTQcKr+nkgQV2rCA9OZnajmvUz8z+vGenDpJ1REsSYCzxYNYgZ1CLNcYJ9KgjWbGIKwpOZWiEdIIqxNeiUTgjv/8iJpnVfcaqV6e1GuX+VxFMEBOAInwAU1UAc3oAGaAINH8AxewZv1ZL1Y79bHrLVg5TP74A+szx8bHJlL</latexit>

m & 10�17 eV



de Broglie scale time delays de Broglie scale time delays in pulsar networks for 

ultralight dark matter


Andrew Eberhardt, Qiuyue Liang, EF, 2411.18051

Time delays:

<latexit sha1_base64="BurPc46F27HShS90mF9uVWlsrHg="></latexit>

�tdm(t) = �
Z t

0

⌫(t0)� ⌫0
⌫0

dt0
<latexit sha1_base64="PztlSuiQI6iYAUMB7faplmaPiEA=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BR68IyI1JdFt24s4K9QGcYMmmmDU0yQ5IRytA3cOOruHGhiFu37nwb0wuirT8EvvznHJLzhwmjSjvOl5VbWFxaXsmvFtbWNza37O2dhopTiUkdxyyWrRApwqggdU01I61EEsRDRpph/2pUb94TqWgs7vQgIT5HXUEjipE2VmAfepFEOPNuOOmikj46hidwcgmcYfZDgV10ys5YcB7cKRTBVLXA/vQ6MU45ERozpFTbdRLtZ0hqihkZFrxUkQThPuqStkGBOFF+Nt5nCA+M04FRLM0RGo7d3xMZ4koNeGg6OdI9NVsbmf/V2qmOLvyMiiTVRODJQ1HKoI7hKBzYoZJgzQYGEJbU/BXiHjIBaRNhwYTgzq48D43TslspV27PitXLaRx5sAf2QQm44BxUwTWogTrA4AE8gRfwaj1az9ab9T5pzVnTmV3wR9bHN/bam2A=</latexit>
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Shapiro time delay Gravitational redshift

Shapiro time delayGravitational redshift

The travel time as an integral along the path from 
the pulsar to Earth 


The frequency change comes from the time variation of  this path 




de Broglie scale time delays de Broglie scale time delays in pulsar networks for 

ultralight dark matter


Andrew Eberhardt, Qiuyue Liang, EF, 2411.18051

granules  fluctuate on timescales similar to observational timescales
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We simulate arrays of  mock pulsars in a fluctuating granular density field
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m & 10�17 eV

We simulate arrays of  mock pulsars in a fluctuating granular density field

• Not the dominant effect for pulsar timing 
experiments


• dB scale effects on observable timescales could 
potentially provide sensitivity to mass scales 
higher than those probed thus far by small-
scale structure


• Current largest limitation appears to be the 
longest de Broglie time to which experiments 
are sensitive


• Experiments with longer runtimes or somehow 
sensitive to longer time scales would 
substantially improve the signal from the 
effects studied here

The left edge of  the shaded regions in green corresponds to when the relevant

timescale (dB time for dB scale effects or Compton time for Compton scale effects) is 30 yrs



Pulsar Timing array
NANOGrav, EPTA, PPTA, and InPTA announced that they found evidence for a gravitational wave background

- Ensemble of  binary supermassive black-holes

- New physics

Possibility of  being a Gravitational Wave Background signal 
caused by:

The presence of  ULDM induces an oscillating gravitational potential that affects the light travel time of  radio pulses emitted by pulsars. 

PTAs can be used to test the presence of  ULDM particles in the MW  how ULDM affects the SGWB in PTA system⟶
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EPTA, Smarra et al 2024 



Pulsar Timing array

Considering the interference pattern 

(Work in progress)
In collaboration with Andrew Eberhardt 

and Qiuyue Liang

The presence of  ULDM induces an oscillating gravitational potential that affects the light travel time of  radio pulses emitted by pulsars. 


PTAs can be used to test the presence of  ULDM particles in the MW  how ULDM affects the SGWB in PTA system⟶
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Our work

de Broglie scale time delays

Angular correlation

Pulse would go through many granules 
during the propagation.




Binary stars
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m ⇠ 10�[16�10] eV

Stellar heating

(Work in progress)
In collaboration with Andrew Eberhardt, 

Margot Imbach and Naoki YoshidaBinary stars - as a probe of  ULDM

Preparation for PFS!



Binary stars
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m ⇠ 10�[23�18] eV

Stellar heating

(Work in progress)
In collaboration with Andrew Eberhardt, 

and Fabian Schmidt Preparation for PFS!



The search for dark matter (ULDM) is a 
multi-probe/multi-scale endeavour…



Only DM

Mostly DM

”MOND”

Pulsar Timing Array

Binary stars

Stellar streams

Microlensing

Solar system

Mass, spin (# particles), fraction self  interaction
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Strong lensing

axion-photon coupling

axion-photon coupling

Axions/ALPs
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56 narrow band filters in the optical

CMB

21cm

Prime Focus Spectrograph (PFS)
BINGO

2022

CHIME

Modified from Jia Liu

JPAS

2021-

8000 deg2
56 narrow band filters-optical

Photometric and spectroscopic surveys

HIRAX

Observations

GWs

+ direct detection experiments

Improving these bounds



PFS (Prime Focus Spectrograph)

Galaxy archeology
• Nature of  DM (dSphs) 

• Structure of  MW dark halo 

• Streams 

• Stellar kinematics and 


chemical abundances – MW & M31  

Cosmology

• Power spectrum

• HSC+PFS

• Linear growth (RSD)

Galaxy evolution
• Small-scale tests of structure growth 

• Halo-galaxy connection 

• Physics of cosmic reionization via 
LAEs & 21cm studies 

• Tomography of gas and DM

M*/M200

DM with PFS   synergy between science goals  ⟶

Wide & deep survey of  MW dwarf  galaxies w. Subaru/PFS

PFS: spectroscopy part of  SuMIRe project

PFS is going to be exquisite to measure the properties of  DM




DM with PFS
Galaxy archeology

• Nature of  DM (dSphs) 

• Structure of  MW dark halo 

• Streams 

• Stellar kinematics and 


chemical abundances – MW & M31  

Cosmology

• Power spectrum

• HSC+PFS

• Linear growth (RSD)

Galaxy evolution
• Small-scale tests of structure growth 

• Halo-galaxy connection 

• Physics of cosmic reionization via 
LAEs & 21cm studies 

• Tomography of gas and DM

M*/M200

- Science with dwarf  galaxies

Core:

- Presence of  a core or not (slope)

- Size of  the core

- Profile


- Inner density

- Transition radius


- Abundance data to understand the 
role of  baryons in each system

- Beyond the core

- Granules: heating of  stars (dwarfs)


- Angular momentum

- Stellar streams

- Binary stars …
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DM with PFS
Galaxy archeology

• Nature of  DM (dSphs) 

• Structure of  MW dark halo 

• Streams 

• Stellar kinematics and 


chemical abundances – MW & M31  

Cosmology

• Power spectrum

• HSC+PFS

• Linear growth (RSD)

Galaxy evolution
• Small-scale tests of structure growth 

• Halo-galaxy connection 

• Physics of cosmic reionization via 
LAEs & 21cm studies 

• Tomography of gas and DM

M*/M200

- Science with dwarf  galaxies

Core:

- Presence of  a core or not (slope)

- Size of  the core

- Profile


- Inner density

- Transition radius


- Abundance data to understand the 
role of  baryons in each system

Fraction of  axions in the dark 
sector:

Constraints on the optical depth:

Kinematic Sunyaev–Zel’dovich effect: sensitive to the 
duration of  the reionization 

Constraint the ULDM mass

Halo mass function

Lague et al 2021
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10�32 eV < m < 10�25 eV

The small-scale Ly-α forest power spectrum

FDM

ULA

SIDM

WDM

Properties of  DM

FDM

SIDM

ULA

- Beyond the core

- Granules: heating of  stars (dwarfs)


- Angular momentum

- Stellar streams

- Binary stars …



Small scales can offer some hints of  the nature of  DM 

Small Scales

C
re

di
t: 

N
as

a

Astrophysical

Observables

DM

Distribution

Nature of  DM

Microphysics


Particle physics

Opportunity to probe the nature of  DM!



Small scales can offer some hints of  the nature of  DM 



 ,  

      Strong lensing

PTA Considering FDM is 100% of  DM


Fuzzy Dark Matter - bounds on the mass

Sweet spot for solving small scale problems

Current status

 ,  

BUT: - systematic effects!!

  - dynamics of  FDM not 
fully understood.

What if:

-DM not 100%

-Mixed CDM+ULDM

-More than one field - axiverse

-…

These bounds would change!

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A


Fuzzy Dark Matter - bounds on the mass
Current status
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The search for dark matter (ULDM) is a 
multi-probe/multi-scale endeavour…

exciting times for axion dark matter



The search for dark matter (ULDM) is a 
multi-probe/multi-scale endeavour…

exciting times for axion dark matter



Congratulations, Hitoshi!


