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⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

Protons and 
neutrons 
formed

Big Bang 

nucleosynthesis

10°
32 s

10°
20 s

10°
11 s

10°
5 s

1 s 3 min
47 kyr

380 kyr

150 Myr

1 Gyr
9.8 Gyr

13.8Gyr

t
10°1100101102103104105106107108109101010111012101310141015101610171018

z
10°18 10°17 10°16 10°15 10°14 10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 0.5 1

a
3000 K 60 K 2.75 K

T
1012 GeV 109 GeV 106 GeV 100 GeV 100 MeV MeV keV 10 eV



Recombination
Galaxies

Reionisation

Dark ages

z ≈ 5.5 × 10−9

Neutrino 

decoupling

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

QCD phase 
transition

Big Bang 

nucleosynthesis

10°
32 s

10°
20 s

10°
11 s

10°
5 s

1 s 3 min
47 kyr

380 kyr

150 Myr

1 Gyr
9.8 Gyr

13.8Gyr

t
10°1100101102103104105106107108109101010111012101310141015101610171018

z
10°18 10°17 10°16 10°15 10°14 10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 0.5 1

a
3000 K 60 K 2.75 K

T
1012 GeV 109 GeV 106 GeV 100 GeV 100 MeV MeV keV 10 eV



Recombination
Galaxies

Reionisation

Dark ages

z ≈ 5.5 × 10−9

Neutrino 

decoupling

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

QCD phase 
transition

Electroweak symmetry breaking

Big Bang 

nucleosynthesis

10°
32 s

10°
20 s

10°
11 s

10°
5 s

1 s 3 min
47 kyr

380 kyr

150 Myr

1 Gyr
9.8 Gyr

13.8Gyr

t
10°1100101102103104105106107108109101010111012101310141015101610171018

z
10°18 10°17 10°16 10°15 10°14 10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 0.5 1

a
3000 K 60 K 2.75 K

T
1012 GeV 109 GeV 106 GeV 100 GeV 100 MeV MeV keV 10 eV



Recombination
Galaxies

Reionisation

Dark ages

z ≈ 5.5 × 10−9

Neutrino 

decoupling

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

QCD phase 
transition

Electroweak 
symmetry breaking

Big Bang 

nucleosynthesis

10°
32 s

10°
20 s

10°
11 s

10°
5 s

1 s 3 min
47 kyr

380 kyr

150 Myr

1 Gyr
9.8 Gyr

13.8Gyr

t
10°1100101102103104105106107108109101010111012101310141015101610171018

z
10°18 10°17 10°16 10°15 10°14 10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 0.5 1

a
3000 K 60 K 2.75 K

T
1012 GeV 109 GeV 106 GeV 100 GeV 100 MeV MeV keV 10 eV



Recombination
Galaxies

Reionisation

Dark ages

z ≈ 5.5 × 10−9

Neutrino 

decoupling

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

QCD phase 
transition

Electroweak 
symmetry breaking

When were 
the densities 
of matter and 
radiation the 

same?

Big Bang 

nucleosynthesis

10°
32 s

10°
20 s

10°
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10°
5 s

1 s 3 min
47 kyr

380 kyr
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1 Gyr
9.8 Gyr

13.8Gyr

t
10°1100101102103104105106107108109101010111012101310141015101610171018

z
10°18 10°17 10°16 10°15 10°14 10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 0.5 1

a
3000 K 60 K 2.75 K

T
1012 GeV 109 GeV 106 GeV 100 GeV 100 MeV MeV keV 10 eV



Recombination
Galaxies

Reionisation

Dark ages

z ≈ 5.5 × 10−9

Big Bang 

nucleosynthesis

Neutrino 

decoupling

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

⌫
<latexit sha1_base64="QhSjgS7R2hTqzFmiByCnHIl2UWU=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4Ckkstr0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20m1fpINS2bHrVbdWuUA58RyvjhaK4yHXduYowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bnzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VIc1P2MiSTUVZLEoTDnSMcr/RkMmKdF8aggmkplbERljiYk26RRNCF+fov9J27Pdc9u7qZQbl8s4CnAMJ3AGLlShAdfQhBYQGMEDPMGzxa1H68V6XbSuWMuZI/gB6+0T5FaONg==</latexit>

QCD phase 
transition

Electroweak 
symmetry breaking

Dark 

energy? ρ ∝ a−4Radiation domination Matter dom. ρ ∝ a−3

Matter-radiation equality
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Evidence for dark matter 
across scales

L > Gpc

M >  1022 M⊙

Large-scale structure



Evidence for dark matter 
across scales

L > Gpc

M >  1022 M⊙

Large-scale structure

Large-scale structure: consistent 
with hierarchical mergers of halos 
seeded by collisionless matter 



Evidence for dark matter 
across scales

L > Gpc

M >  1022 M⊙

Large-scale structure

L ~ Mpc

M ~  1014 M⊙

Galaxy cluster

Galaxy clusters: strong gravitational 
lensing reveals mass much larger than 
one inferred from luminosity



Evidence for dark matter 
across scales

L > Gpc

M >  1022 M⊙

Large-scale structure

L ~ Mpc

M ~  1014 M⊙

Galaxy cluster

L ~ 100 kpc

M ~  1012 M⊙

Galaxy

Galaxies: rotation profiles reveal 
considerable unseen mass contribution 
extending beyond visible structure



Evidence for dark matter 
across scales

L > Gpc

M >  1022 M⊙

Large-scale structure

L ~ Mpc

M ~  1014 M⊙

Galaxy cluster

L ~ 100 kpc

M ~  1012 M⊙

Galaxy

L ~ 1-10 kpc

M ~  106−8 M⊙

Dwarf galaxy

Dwarf galaxies: Stellar kinematics 
reveal mass-to-light ratios significantly 
larger than 1M⊙/L⊙



The cosmic microwave background
Fluctuations in photon temp. across sky



Power spectrum of angular 
correlations vs multipole number

The cosmic microwave background
Fluctuations in photon temp. across sky



Power spectrum of angular 
correlations vs multipole number

The cosmic microwave background
Fluctuations in photon temp. across sky



Minimal definition of dark matter
Dissipation-less, source of 

gravitational potential

(dark)

Energy density dilutes 
with expansion


(matter)

Dark matter

Baryons

Photons



How can a scalar field be the dark matter?

→ the misalignment mechanism



Symmetry 

broken

ϕ

V(ϕ)

ϕ

V(ϕ)

ϕ

V(ϕ)

Misalignment mechanism
Time

Temperature



Imagine our scalar field’s potential is just given by its mass

Misalignment mechanism for a generic scalar



Imagine our scalar field’s potential is just given by its mass

Euler-Lagrange equation:

Misalignment mechanism for a generic scalar



Imagine our scalar field’s potential is just given by its mass

Euler-Lagrange equation:

(Klein-Gordon equation)

Misalignment mechanism for a generic scalar



Imagine our scalar field’s potential is just given by its mass

Euler-Lagrange equation:

Put in FRW metric  where g = diag(−1, a2, a2, a2) H = ·a/a

(Klein-Gordon equation)

Misalignment mechanism for a generic scalar



Imagine our scalar field’s potential is just given by its mass

Euler-Lagrange equation:

Put in FRW metric  where g = diag(−1, a2, a2, a2) H = ·a/a

(Klein-Gordon equation)

Damped harmonic 

oscillator

Misalignment mechanism for a generic scalar
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Taking radiation domination  and 
enforcing the boundary condition , 
we get a general solution:

H(t) = 1/2t
·ϕ(ti) = 0

Misalignment mechanism for a generic scalar
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Taking radiation domination  and 
enforcing the boundary condition , 
we get a general solution:

H(t) = 1/2t
·ϕ(ti) = 0

Two regimes:

Misalignment mechanism for a generic scalar
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H(t) ø m

Taking radiation domination  and 
enforcing the boundary condition , 
we get a general solution:

H(t) = 1/2t
·ϕ(ti) = 0

Two regimes:
•  → overdamped oscillator3H(t) ≫ m

Misalignment mechanism for a generic scalar
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Taking radiation domination  and 
enforcing the boundary condition , 
we get a general solution:

H(t) = 1/2t
·ϕ(ti) = 0

Two regimes:

•  → damped harmonic oscillator3H(t) ≪ m
•  → overdamped oscillator3H(t) ≫ m

Misalignment mechanism for a generic scalar



Misalignment mechanism for a generic scalar
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Envelope 

decays as a−3/2

At late times, the damping takes place over 
cosmological timescales, while the oscillations are fast 
→ Make a WKB approximation   ·ϕenv/ϕenv < m



Misalignment mechanism for a generic scalar
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Envelope 

decays as a−3/2

At late times, the damping takes place over 
cosmological timescales, while the oscillations are fast 
→ Make a WKB approximation   ·ϕenv/ϕenv < m

Look at the energy density in the scalar field
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Dark energy-like Matter



We want to force this to be equal to the abundance of dark matter today

Misalignment mechanism for a generic scalar



We want to force this to be equal to the abundance of dark matter today
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Misalignment mechanism for a generic scalar



We want to force this to be equal to the abundance of dark matter today

The density in our scalar field is:

, where

To get these temperatures, use Friedmann eq:  

Assume we’re 
late enough that 

g* = 3.4 = const .

Misalignment mechanism for a generic scalar



Now, the axion case: How do we adapt this?
Axion is the Goldstone  appearing after the U(1)  is broken at scale . 


We write it as the phase of a complex scalar field: 

(θ) PQ fa



Now, the axion case: How do we adapt this?
Axion is the Goldstone  appearing after the U(1)  is broken at scale . 


We write it as the phase of a complex scalar field: 

(θ) PQ fa

So our scalar field is now an angle in units of  and 
with a mass set by the explicit symmetry-breaking 
term generated by QCD

fa
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The QCD axion abundance, is it correct?
For the generic scalar we got,

To convert this to the axion case, can I just replace: 

?

No! If you do this, you will not get what is quoted in the literature

Why?
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The QCD axion
Mass is generated by instantons whose effects are temperature-dependent

In the literature this dependence is called the “topological susceptibility”, χ(T) a

fa

Axion mass grows as temperature drops, 
reaching a constant when T < TQCD
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QCD axion abundance
• Full calculation leads to:

where n ∼ 8

• Seems to prefer the “classic QCD 
axion window”: (1—10) eV𝒪 μ

→ but what should we pick for  ?θi
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When did inflation happen?
Option 1:


PQ is broken before and during inflation

Inflation

PQ broken → axion exists

Option 2:

PQ is broken after inflation

Inflation

PQ unbroken → axion 
doesn’t exist yet

After PQ breaking

Pre-inflationary scenario Post-inflationary scenario



Pre-inflationary axions
Our Universe could have been given any value of . So we can 
make any axion mass work as long as we choose the  that gives 

θi ∈ [−π, π]
θi Ωah2 = 0.12
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Pre-inflationary axions
Our Universe could have been given any value of . So we can 
make any axion mass work as long as we choose the  that gives 

θi ∈ [−π, π]
θi Ωah2 = 0.12

Fine tuning needed to 
avoid overproduction → anthropic axion?

Axions underproduce dark 
matter even for θi → π
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• Axion exists as scalar d.o.f during inflation 
→ quantum fluctuations are also inflated  




• Fluctuations eventually become matter 

perturbations when the axion gets a mass

• This is bad: they will be uncorrelated with 

curvature fluctuations from inflaton. Such 
fluctuations are called isocurvature


• Planck bounds power in isocurvature to be 
less than <4% compared to primordial 
curvature perturbations.

σaxion ∼ HI /2π

Pre-inflationary axions: isocurvature

CDM, Adiabatic

(Planck)
Λ

Isocurvature



For a given  the scale of inflation must 
be below some maximum value or 
axion produces too much isocurvature
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Inflation has already happened before 
axion was born


→ Universe filled with many values of 

→ Different value in every causal patch


θi

Horizon

→ Patches come into contact as horizon grows.
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• We have an ensemble of every possible 
 sampled across our Universe. 


• Stochastic average:
θi
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• We have an ensemble of every possible 
 sampled across our Universe. 


• Stochastic average:
θi

In the post-infl


(Up to theoretical uncertainties)
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But there’s a complication:∇θ
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 Cosmic strings 

from axion field 
winding around  

⇒

2π
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Brute force solution: simulate

Evolve the 
axion field…

…on an 
expanding 
lattice…

…to measure the 
relic abundance 

of axions…

…and predict its 
present day 
distribution

Gorghetto+[2007.04990], Buschmann+ [2108.05368], Vaquero+ [1809.09241], O’Hare+ [2112.05117]
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Projection through 3D co-moving 
box, coloured by integrated axion 
energy density:
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Evolution of the axion fi

 in the post-infl

String network scaling

Domain walls attached to strings

→ network collapses

Inhomogeneous distribution of 
axions free streams until non-

relativistic  

Seeds of structure 
gravitationally collapse 

into miniclusters and halos
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Network is expected to enter a “scaling 
solution” where strings straighten and 
loops collapse at roughly the same rate as 
the horizon grows

→ Number of strings per Hubble 
volume,  = const. + log-violationsξ(t)
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Core size set by mr ∼ λfa

Axion string network
M. Gorghetto



Network is expected to enter a “scaling 
solution” where strings straighten and 
loops collapse at roughly the same rate as 
the horizon grows

→ Number of strings per Hubble 
volume,  = const. + log-violationsξ(t)
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Core size set by mr ∼ λfa

Axion string network
M. Gorghetto



Axion string simulation limitations

Largest scale = Inter-string spacing ~ H(t)−1

Smallest scale = string core size = m−1
r ∼ f −1

a

Required dynamical range:

• Dynamical range is a function of time, so 
 gets larger (strings shrink in co-

moving coords)

• For physical QCD axion models need to get 

to 

• With ~8000  lattice sites can do up to 

~6—9

mr /H

log(mr /H) → ∼ 70
3

log(mr /H)



UV dominated (q<1) 

→ Most radiation comes from string cusps 
and loops (fewer axions)


IR dominated (q>1)

 → More radiation comes from 
straightening of long strings (more axions)


Scale invariant (q=1)?  e.g. [2108.05368]

→ Equal axions from each decade in k

Currently not fully understood what 
will be the ultimate spectrum of 
axions radiated from strings

Axion string radiation uncertainties

 (IR)

q <
1

 (UV)
q > 1

Adapted from Redondo, Saikawa

Num. density of 
axions when they 

become DM



Extrapolating beyond 
the end of the 
simulations could be 
treacherous and has 
large consequences for 
axion mass prediction

Axion string radiation uncertainties
Redondo, Saikawa 2023 (preliminary)

MADMAX

BREAD

FLASH

Time [ ]log(mr /H)



After  axion field forms 
quasi-stable solitons that lay 
down small-scale perturbations 


These eventually form AU—mpc 
gravitationally bound clumps of 
axions with masses 

 


→ axion miniclusters

tQCD

M ∈ [10−15,10−9] M⊙



After  axion field forms 
quasi-stable solitons that lay 
down small-scale perturbations 


These eventually form AU—mpc 
gravitationally bound clumps of 
axions with masses 

 


→ axion miniclusters

tQCD

M ∈ [10−15,10−9] M⊙
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Minivoids

Miniclusters contain >80% of the 
axions but make up <1% of the 

volume


Earth travels through galaxy at about 
0.2 mpc per year, so experiments are 

much more likely to sample the 
minivoids than the miniclusters 



Typical “worst case scenario” density 
would be inside the minivoids


~10% of large-scale average density

Minivoids are mostly stable by fi


Eggemeier, CAJO+ [2212.00560]
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See lecture by 
Georg Raffelt

Next lecture
Summary of axion mass post-dictions

github.com/cajohare/AxionLimits
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Minimum mass for post-
inflationary scenario.


Strings add more axions 

→ drive  prediction downma



10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
lack

hole
spins

fa>Mpl

IA
XO

Haloscopes(future)

10°1310°1210°1110°1010°910°810°710°610°510°410°310°210°1100101

QCDaxionmass,ma[eV]

Hotdark
matter

+
DNeff

...
10°310°210°1p/6p/2p°0.1=|qi|

109108107106=maxHI
GeV(Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW>1:

SMASH,2016
Cogenesis,2020
VISHn,2022

Wantz,2009
Berkowitz,2015

Bonati,2016
Borsanyi,2016

Petreczky,2016
Dine,2017

Gorghetto,2020
Buschmann,2021

Kawasaki,2012
Kawasaki,2014

Fleury,2015
Klaer,2017

Buschmann,2019

Kawasaki,2014
Gorghetto,2020

B
lack

hole
spins

106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019
Peccei-Quinnscale,fa[GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO
Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO

Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

github.com/cajohare/AxionLimits



10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
lack

hole
spins

fa>Mpl

IA
XO

Haloscopes(future)

10°1310°1210°1110°1010°910°810°710°610°510°410°310°210°1100101

QCDaxionmass,ma[eV]

Hotdark
matter

+
DNeff

...
10°310°210°1p/6p/2p°0.1=|qi|

109108107106=maxHI
GeV(Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW>1:

SMASH,2016
Cogenesis,2020
VISHn,2022

Wantz,2009
Berkowitz,2015

Bonati,2016
Borsanyi,2016

Petreczky,2016
Dine,2017

Gorghetto,2020
Buschmann,2021

Kawasaki,2012
Kawasaki,2014

Fleury,2015
Klaer,2017

Buschmann,2019

Kawasaki,2014
Gorghetto,2020

B
lack

hole
spins

106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019
Peccei-Quinnscale,fa[GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO
Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO

Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

github.com/cajohare/AxionLimits

M. Buschmann



10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
lack

hole
spins

fa>Mpl

IA
XO

Haloscopes(future)

10°1310°1210°1110°1010°910°810°710°610°510°410°310°210°1100101

QCDaxionmass,ma[eV]

Hotdark
matter

+
DNeff

...
10°310°210°1p/6p/2p°0.1=|qi|

109108107106=maxHI
GeV(Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW>1:

SMASH,2016
Cogenesis,2020
VISHn,2022

Wantz,2009
Berkowitz,2015

Bonati,2016
Borsanyi,2016

Petreczky,2016
Dine,2017

Gorghetto,2020
Buschmann,2021

Kawasaki,2012
Kawasaki,2014

Fleury,2015
Klaer,2017

Buschmann,2019

Kawasaki,2014
Gorghetto,2020

B
lack

hole
spins

106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019
Peccei-Quinnscale,fa[GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO
Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO

Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

github.com/cajohare/AxionLimits

M. Buschmann



10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
lack

hole
spins

fa>Mpl

IA
XO

Haloscopes(future)

10°1310°1210°1110°1010°910°810°710°610°510°410°310°210°1100101

QCDaxionmass,ma[eV]

Hotdark
matter

+
DNeff

...
10°310°210°1p/6p/2p°0.1=|qi|

109108107106=maxHI
GeV(Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW>1:

SMASH,2016
Cogenesis,2020
VISHn,2022

Wantz,2009
Berkowitz,2015

Bonati,2016
Borsanyi,2016

Petreczky,2016
Dine,2017

Gorghetto,2020
Buschmann,2021

Kawasaki,2012
Kawasaki,2014

Fleury,2015
Klaer,2017

Buschmann,2019

Kawasaki,2014
Gorghetto,2020

B
lack

hole
spins

106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019
Peccei-Quinnscale,fa[GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO
Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO

Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

github.com/cajohare/AxionLimits



10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
lack

hole
spins

fa>Mpl

IA
XO

Haloscopes(future)

10°1310°1210°1110°1010°910°810°710°610°510°410°310°210°1100101

QCDaxionmass,ma[eV]

Hotdark
matter

+
DNeff

...
10°310°210°1p/6p/2p°0.1=|qi|

109108107106=maxHI
GeV(Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW>1:

SMASH,2016
Cogenesis,2020
VISHn,2022

Wantz,2009
Berkowitz,2015

Bonati,2016
Borsanyi,2016

Petreczky,2016
Dine,2017

Gorghetto,2020
Buschmann,2021

Kawasaki,2012
Kawasaki,2014

Fleury,2015
Klaer,2017

Buschmann,2019

Kawasaki,2014
Gorghetto,2020

B
lack

hole
spins

106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019
Peccei-Quinnscale,fa[GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO
Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO

Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

github.com/cajohare/AxionLimits



10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
lack

hole
spins

fa>Mpl

IA
XO

Haloscopes(future)

10°1310°1210°1110°1010°910°810°710°610°510°410°310°210°1100101

QCDaxionmass,ma[eV]

Hotdark
matter

+
DNeff

...
10°310°210°1p/6p/2p°0.1=|qi|

109108107106=maxHI
GeV(Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW>1:

SMASH,2016
Cogenesis,2020
VISHn,2022

Wantz,2009
Berkowitz,2015

Bonati,2016
Borsanyi,2016

Petreczky,2016
Dine,2017

Gorghetto,2020
Buschmann,2021

Kawasaki,2012
Kawasaki,2014

Fleury,2015
Klaer,2017

Buschmann,2019

Kawasaki,2014
Gorghetto,2020

B
lack

hole
spins

106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019
Peccei-Quinnscale,fa[GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO
Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO

Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

github.com/cajohare/AxionLimits



10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
lack

hole
spins

fa>Mpl

IA
XO

Haloscopes(future)

10°1310°1210°1110°1010°910°810°710°610°510°410°310°210°1100101

QCDaxionmass,ma[eV]

Hotdark
matter

+
DNeff

...
10°310°210°1p/6p/2p°0.1=|qi|

109108107106=maxHI
GeV(Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW>1:

SMASH,2016
Cogenesis,2020
VISHn,2022

Wantz,2009
Berkowitz,2015

Bonati,2016
Borsanyi,2016

Petreczky,2016
Dine,2017

Gorghetto,2020
Buschmann,2021

Kawasaki,2012
Kawasaki,2014

Fleury,2015
Klaer,2017

Buschmann,2019

Kawasaki,2014
Gorghetto,2020

B
lack

hole
spins

106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019
Peccei-Quinnscale,fa[GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO
Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO

Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

github.com/cajohare/AxionLimits



10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
lack

hole
spins

fa>Mpl

IA
XO

Haloscopes(future)

10°1310°1210°1110°1010°910°810°710°610°510°410°310°210°1100101

QCDaxionmass,ma[eV]

Hotdark
matter

+
DNeff

...
10°310°210°1p/6p/2p°0.1=|qi|

109108107106=maxHI
GeV(Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW>1:

SMASH,2016
Cogenesis,2020
VISHn,2022

Wantz,2009
Berkowitz,2015

Bonati,2016
Borsanyi,2016

Petreczky,2016
Dine,2017

Gorghetto,2020
Buschmann,2021

Kawasaki,2012
Kawasaki,2014

Fleury,2015
Klaer,2017

Buschmann,2019

Kawasaki,2014
Gorghetto,2020

B
lack

hole
spins

106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019
Peccei-Quinnscale,fa[GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO
Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

10°2

10°1

100

101

102

103

104

105

C
ag

KSVZ

DFSZ

B
la

ck
ho

le
sp

in
s

fa > Mpl

IAXO

Haloscopes (future)

10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101

QCD axion mass, ma [eV]

Hot dark
matter

+
DNeff

...
10°3 10°2 10°1 p/6 p/2 p ° 0.1 = |qi|

109 108 107 106 = max HI
GeV (Isocurvature)

Models:

Lattice/c(T):

Strings:

Strings+Walls:

NDW > 1:

SMASH, 2016
Cogenesis, 2020
VISHn, 2022

Wantz, 2009
Berkowitz, 2015

Bonati, 2016
Borsanyi, 2016

Petreczky, 2016
Dine, 2017

Gorghetto, 2020
Buschmann, 2021

Kawasaki, 2012
Kawasaki, 2014

Fleury, 2015
Klaer, 2017

Buschmann, 2019

Kawasaki, 2014
Gorghetto, 2020

B
la

ck
ho

le
sp

in
s

1061071081091010101110121013101410151016101710181019
Peccei-Quinn scale, fa [GeV]

github.com/cajohare/AxionLimits

Axion models with domain wall number > 1

• Axion cycles around  times between ( )

• In general get more axions from wall decay, so preferred  is higher

• On their own  models are not allowed. Domain wall network 

gets stuck and overwhelms the cosmic energy density.

• Must have some “bias” to tip the scales to preferring one minimum

NDW −π, π
ma

NDW > 1

Hiramatsu+ [1207.3166]

q
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Non-standard axion/ALP post-dictions 
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Cag 2 [0.1, 10] • QCD axion with a non-standard 
mass,

→ e.g. [2102.01082] 


• ALP with a temperature-
independent mass

→ e.g. [2112.05117]


• Axions in non-standard 
cosmologies 

→ e.g. [1911.07853]


• Variants of misalignment 
mechanism: axion rotations, 
parametric resonance etc.

→ e.g. [2006.04809]

github.com/cajohare/AxionLimits



How cosmology can bound the axion 
parameter space
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thermal eq. maintained

Γ > H 

Production can’t keep up with expansion

Γ < H

T ↓



If they are heavy enough then the thermal axion background contributes a form of 
hot dark matter (similar to neutrinos) which is heavily constrained by LSS+CMB

Hot dark matter axions

D’Eramo+ [2205.07849]
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Thermal axions and Neff

• CMB-Stage 4 is targeting 

• Could constrain axions decoupling before EWPT

• Quite plausible we could detect a relic 

population of thermal axions

ΔNeff = 0.03

MeVGeVTeV
Decoupling temperature

10°2

10°1

100

101

D
N

ef
f

Planck

CMB-S4 (2s)

CMB-S4 (1s)

ps ns µs ms s
TimeQuantify effects of new relativistic species 

on early-Universe expansion rate via energy 
density in units of a single neutrino (  )ΔNeff
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• Wave-like DM has a finite “incompressible” size given by its wave coherence length . 

• Perturbations below an effective Jeans scale ( ) cannot grow due to wave effects

• For very small  this could become of comparable size to DM halos that we know exist

λ = 1/mϕv
1/kJ

mϕ

Lower bound on the axion mass: fuzzy dark matter

P. Mocz

Schive+ [1406.6586]

DM Halo
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Adapted from [2203.07354]
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DM-axion induced birefringence, 

Fedderke+ [1903.02666]

→  axion-photon interaction rotates linear polarisation

→ Washout of measured CMB polarisation by 
recombination due to early-time oscillations

→ Local oscillating polarisation due to DM at Earth 
measurable by CMB experiments in time-domain  
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Search for axion decay line at  
in galaxy spectra (e.g. MW dwarf 
spheroidals w/ high DM densities)

See recent Todorello+ [2307.07403]

ωγ = ma/2

2009.01310

Leo-T dwarf

M ∼ 8 × 106 M⊙



“Near-field cosmology”

→ The structure and formation history of 

our own dark matter halo
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N ⇡ (⇢DM/m)⇥ �3
dBOccupancy = Number of particles per de Broglie volume:

We know the local mass density of DM (  GeV/cm  ), but not the number densityρDM ≈ 0.4 3
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Macroscopically  
occupied ground state

Classical field
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Wave-like dark matter
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Amplitude:

Frequency: 

Oscillation remains

 coherent for  cycles106

Wave-like dark matter
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Amplitude:

How do we know what to put in for density and velocity?

Frequency: 

Oscillation remains

 coherent for  cycles106

Wave-like dark matter



(You are here)

8 kpc



(You are here)

8 kpc

[2309.00048]

 0.4 GeV/cm3ρ(R = 8 kpc) ≈



Dec

June60∘

Distribution function for dark matter in the Solar System

 ~ isotropic f(x, v) ρDM ×



Dec

June60∘

Assuming the dark matter does not co-rotate with the disk, most effects come 
about from our laboratory’s motion through the dark matter:   km/svlab ∼ 300

f(x, v + vlab)



Sun/Earth motion leads to 
characteristic signals 
independent of DM model

→ Annual modulation

→ Gravitational focusing by Sun

→ Direction-dependence

Dec

June60∘

f(x, v + vlab)

260 km/s
Sun:

 km/s (left-right)±15
 km/s (up-down)±20

Earth:



Usual assumption for : the Standard Halo Model (SHM)f(x, v)

• Infinite isothermal sphere → Simplest halo model that gives a flat rotation curve 

• Truncate at  so as to not include unbound particlesv > vesc

⇢ ⇠ 1/r2
<latexit sha1_base64="WKEXxaoPoVo31iK2U33yxBTw91k=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7pbBT0WvXisYD+gu5Zsmm1Ds8mSZIVa+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KOVMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q1DJThDaI5FK1I6wpZ4I2DDOctlNFcRJx2oqGN1O/9UiVZlLcm1FKwwT3BYsZwcZKXbcUqIFEgWYJ8s/UQ7Xrlr2KNwNaJn5OypCj3nW/gp4kWUKFIRxr3fG91IRjrAwjnE6KQaZpiskQ92nHUoETqsPx7PAJOrFKD8VS2RIGzdTfE2OcaD1KItuZYDPQi95U/M/rZCa+CsdMpJmhgswXxRlHRqJpCqjHFCWGjyzBRDF7KyIDrDAxNquiDcFffHmZNKsV/7xSvbso167zOApwBMdwCj5cQg1uoQ4NIJDBM7zCm/PkvDjvzse8dcXJZw7hD5zPH0n7kjE=</latexit>

σv = vcirc./ 2
f(v)

v

vesc = 544 km s�1

σv ≈ 167 km s−1



• Integrated flux is maximum 
during June and minimum in 
December (few % modulation)


• If sampling over distribution at 
lower-speeds only, phase is 
flipped (maximum in Dec.)


June
Dec

Speed (Earth rest frame) [km/s]
100 200 300 400 500 600 700 8000

D
M

 F
lu

x
1. Annual modulation

DM Flux  ∝ v f(v + vlab)



2. Gravitational focusing • Additional ~2% modulation in DM density 


• Distortion to  at small speeds:


    

f(v)

Mar.

Sep.

DM 

wind

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
-0.5

0

0.5

1

1.5

2

2.5



2. Gravitational focusing • Additional ~2% modulation in DM density 


• Distortion to  at small speeds:


    

f(v)

Mar.

Sep.

DM 

wind

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
-0.5

0

0.5

1

1.5

2

2.5

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
-0.5

0

0.5

1

1.5

2

2.5

Distinct effects 
for the wave-

like case 
relevant for 
low-mass 

axions

See [2112.05718]




Gaia RVS galactic coordinates skymap of stellar line-of-sight velocities

Blue = moving towards us


Red = moving away from us

3. Directionality



Gaia RVS galactic coordinates skymap of stellar line-of-sight velocities

Blue = moving towards us


Red = moving away from us

3. Directionality



Gaia RVS galactic coordinates skymap of stellar line-of-sight velocities

Blue = moving towards us


Red = moving away from us

3. Directionality



The dark matter fl


 Φforward/Φbackward ∼ O(10)

vflab(v)3. Directionality



The dark matter fl


 Φforward/Φbackward ∼ O(10)

vflab(v)3. Directionality
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Amplitude:

Frequency: 

How do the speed distribution, annual modulation, 
directionality manifest in the wave-like case?
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Amplitude:

Frequency: 

How do the speed distribution, annual modulation, 
directionality manifest in the wave-like case?
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Wave-like dark matter, properly
Superposition of plane waves in some box of volume, V
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Wave-like dark matter, properly
Superposition of plane waves in some box of volume, V
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Wave-like dark matter, properly
Superposition of plane waves in some box of volume, V

Only when we measure over some short enough time/length 
scale do we have:

Random draw from the 
velocity distribution

Arbitrary phase

Random 

amplitude
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Wave-like dark matter, properly
Superposition of plane waves in some box of volume, V

Only when we measure over some short enough time/length 
scale do we have:

Random draw from the 
velocity distribution

Arbitrary phase

Random 

amplitude

What is considered “short enough”?

→ Coherence length and coherence time: 


the length/timescale over which field will be 
out of phase with itself
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~week-long integration will 
observe almost perfectly 

monochromatic signal

(Worry instead about random 

amplitude)
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~week-long integration will 
observe almost perfectly 

monochromatic signal

(Worry instead about random 

amplitude)

Field oscillations are out of 
phase in different parts of 

<m-scale experiment 



Wave-like dark matter
How do the speed distribution, annual modulation, directionality manifest in the wave-like case?

Ja
n

Fe
b

M
ar

Apr M
ay

Ju
n

Ju
l

Aug Se
p

Oct Nov Dec

M
od

ul
at

io
n

at
v

=
30

0
km

s°
1

0 1 2 3

f (!)

0 0.5 1 1.5
2

2.5
3

The axion lineshape Effect of halo 
anisotropy

Effect of 
substructure

High speed stream 
e.g. Sequoia

Low speed stream 
e.g. Helmi streams

Isotropic  
halo

Anisotropic halo 
e.g. Gaia-Sausage-

Enceladus
Main halo 

Q ∼ 106

Substructure 
Q > 106

Stochastic  
noise ∼ α

✓
!

ma
� 1

◆
⇥ 106

<latexit sha1_base64="3foCBwBY3ZO1zIOl4Cc2x1yBT3w=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBD0YNyNoh6DXjxGMImQjWF20psMmdldZnqFsOQzvPgrXjwo4jU3/8bJ4+CroKGo6qa7K0ikMOi6n87c/MLi0nJuJb+6tr6xWdjarps41RxqPJaxvguYASkiqKFACXeJBqYCCY2gfzX2Gw+gjYijWxwk0FKsG4lQcIZWaheOfQkhHvihZjzzYwVdNsxUmw3pEfV8Lbo9PKQ+CgWGeu79WbtQdEvuBPQv8WakSGaotgsjvxPzVEGEXDJjmp6bYCtjGgWXMMz7qYGE8T7rQtPSiNlNrWzy2JDuW6VDw1jbipBO1O8TGVPGDFRgOxXDnvntjcX/vGaK4UUrE1GSIkR8uihMJcWYjlOiHaGBoxxYwrgW9lbKe8xmhDbLvA3B+/3yX1Ivl7yTUvnmtFi5nMWRI7tkjxwQj5yTCrkmVVIjnDySZ/JK3pwn58V5dz6mrXPObGaH/IAz+gIafJ8i</latexit>

✓
!

ma
� 1

◆
⇥ 106

<latexit sha1_base64="3foCBwBY3ZO1zIOl4Cc2x1yBT3w=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBD0YNyNoh6DXjxGMImQjWF20psMmdldZnqFsOQzvPgrXjwo4jU3/8bJ4+CroKGo6qa7K0ikMOi6n87c/MLi0nJuJb+6tr6xWdjarps41RxqPJaxvguYASkiqKFACXeJBqYCCY2gfzX2Gw+gjYijWxwk0FKsG4lQcIZWaheOfQkhHvihZjzzYwVdNsxUmw3pEfV8Lbo9PKQ+CgWGeu79WbtQdEvuBPQv8WakSGaotgsjvxPzVEGEXDJjmp6bYCtjGgWXMMz7qYGE8T7rQtPSiNlNrWzy2JDuW6VDw1jbipBO1O8TGVPGDFRgOxXDnvntjcX/vGaK4UUrE1GSIkR8uihMJcWYjlOiHaGBoxxYwrgW9lbKe8xmhDbLvA3B+/3yX1Ivl7yTUvnmtFi5nMWRI7tkjxwQj5yTCrkmVVIjnDySZ/JK3pwn58V5dz6mrXPObGaH/IAz+gIafJ8i</latexit>

Tim
e

<latexit sha1_base64="1JGYTITA5VNdzmUHANKYn9dovks=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWOEvDAJYXbSmwyZmV1mZoWw5C+8eFDEq3/jzb9x8jhoYkFDUdVNd1eYCG6s7397a+sbm1vbuZ387t7+wWHh6Lhh4lQzrLNYxLoVUoOCK6xbbgW2Eo1UhgKb4ehu6jefUBseq5odJ9iVdKB4xBm1TnrMOlqSGpc46RWKfsmfgaySYEGKsEC1V/jq9GOWSlSWCWpMO/AT282otpwJnOQ7qcGEshEdYNtRRSWabja7eELOndInUaxdKUtm6u+JjEpjxjJ0nZLaoVn2puJ/Xju10U034ypJLSo2XxSlgtiYTN8nfa6RWTF2hDLN3a2EDammzLqQ8i6EYPnlVdIol4LLUvnhqli5XcSRg1M4gwsI4BoqcA9VqAMDBc/wCm+e8V68d+9j3rrmLWZO4A+8zx9yLZDE</latexit>

0 1 2 3

f (!)

f(!)
<latexit sha1_base64="RQ8uUMUhWtdHTbnohKsFUkCz3YA=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoMQL2E3CnoMevEYwTwkWcLspDcZMo9lZlYIIV/hxYMiXv0cb/6Nk2QPmljQUFR1090VJZwZ6/vfXm5tfWNzK79d2Nnd2z8oHh41jUo1hQZVXOl2RAxwJqFhmeXQTjQQEXFoRaPbmd96Am2Ykg92nEAoyECymFFinfQYl7tKwICc94olv+LPgVdJkJESylDvFb+6fUVTAdJSTozpBH5iwwnRllEO00I3NZAQOiID6DgqiQATTuYHT/GZU/o4VtqVtHiu/p6YEGHMWESuUxA7NMveTPzP66Q2vg4nTCapBUkXi+KUY6vw7HvcZxqo5WNHCNXM3YrpkGhCrcuo4EIIll9eJc1qJbioVO8vS7WbLI48OkGnqIwCdIVq6A7VUQNRJNAzekVvnvZevHfvY9Ga87KZY/QH3ucPHHaP9A==</latexit>

Ja
n

Fe
b

M
ar

Apr M
ay

Ju
n

Ju
l

Aug Se
p

Oct Nov Dec

M
od

ul
at

io
n

at
v

=
30

0
km

s°
1

Ja
n

Fe
b

M
ar

Apr M
ay

Ju
n

Ju
l

Aug Se
p

Oct Nov Dec

M
od

ul
at

io
n

at
v

=
30

0
km

s°
1

↵f(!)
<latexit sha1_base64="nPuJXK/GWM6fbJI1aJn3gQP+tKE=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRahXspuFfRY9OKxgv2AbimzabYNTTZLki2Upf/EiwdFvPpPvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxweuccnLS1TRWiTSC5VJwRNOYtp0zDDaSdRFETIaTsc38/99oQqzWT8ZKYJ7QkYxixiBIyV+q4bAE9GgKNKIAUdwmXfLXtVbwG8TvyclFGORt/9CgaSpILGhnDQuut7ielloAwjnM5KQappAmQMQ9q1NAZBdS9bXD7DF1YZ4EgqW7HBC/X3RAZC66kIbacAM9Kr3lz8z+umJrrtZSxOUkNjslwUpRwbiecx4AFTlBg+tQSIYvZWTEaggBgbVsmG4K++vE5atap/Va09Xpfrd3kcRXSGzlEF+egG1dEDaqAmImiCntErenMy58V5dz6WrQUnnzlFf+B8/gCDQ5Lt</latexit>

Jan.

Jan.

June

June

→ Speed distribution leads to a distinctive “lineshape” 
in frequency that will modulate over the year


 f(ω, t) = f(v, t)
dv
dω



Wave-like dark matter
How do the speed distribution, annual modulation, directionality manifest in the wave-like case?
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Anisotropic halo 
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Main halo 
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Substructure 
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Stochastic  
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→ Speed distribution leads to a distinctive “lineshape” 
in frequency that will modulate over the year


 f(ω, t) = f(v, t)
dv
dω

→ Directionality could appear in two forms:

→ Experiments that are larger than coherence length

→ Experiments that measure the field-gradient:                 
∇ϕ = 2ρ v sin(ωt − mav ⋅ x + β)

MADMAX CASPEr-Gradient



But how much do we trust our assumptions?

Is the DM halo 
spherical?

Is the DM speed 
distribution 
Maxwellian?

Is the DM halo 
stationary?



But how much do we trust our assumptions?

Is the DM halo 
spherical?

Is the DM speed 
distribution 
Maxwellian?

Is the DM halo 
stationary? Probably not

Probably not

No



Lancaster +[1807.04290] 
(Blue horizontal branch)

Iorio & Belokurov 

[1804.11347] (RR Lyraes)

Han+ [2208.04327]
Naidu+[2103.03251]


(H3 survey)



Figure rotation/tumbling of DM halo 
Simulations find typical pattern speeds for triaxial halos in the range: 

→ MW spin cannot be anomalously large or the Sagittarius stream would look 
measurably different from the way it does (Valluri et al. 2009.09004)

Even extreme figure 
rotation would not 

reduce directionality of 
DM flux in Solar System



Sun

Halo

Stars

Thin/thick

disk stars

vR

vϕ
vz

Velocity distribution of the MW stellar halo

Gaia DR3 data

Substantial evidence for recent 
merger event with a dwarf galaxy 

filling much of the inner halo

→ The Gaia-Sausage-Enceladus 

(GSE)



The GSE Merger: 
Stars+DM brought in on 
highly radial orbits by a 
109-10  stellar mass 
galaxy merging with the 
MW 8-10 billion years ago

M⊙

Helmi et al. [1806.06038]



The GSE Merger: 
Stars+DM brought in on 
highly radial orbits by a 
109-10  stellar mass 
galaxy merging with the 
MW 8-10 billion years ago

M⊙

Helmi et al. [1806.06038]



°0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5≥
!
ma

° 1
¥

£ 106

0

2

4

6

8

10

12

14

m
af

la
b(

!
)

[1
06

km
°

2
s2 ]

S1

S2

Retrograde

Prograde

Low-E

0% Shards

10 % Shards

S2 dominated

ªtot

0 100 200 300 400 500 600 700 800

v [km s°1]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

10
3 f

la
b(

v)
[k

m
°

1
s]

SHM++

S1

S2

Retrograde

Prograde

Low energy
Total ªtot = 10%

O’Hare+ [1909.04684]

DM speed distribution Wave DM frequency distribution

Substructure

Substructure

Ultimately the relevance of these structures for dark matter is only 
something that direct detection can reveal. That’s why we call our 

experiments “Haloscopes”


