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Theory recap

Q: Do | need to understand all about theory?

?

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

Causality What’s known?

What’s new?

Where are the cracks?

tum physics AMO
Quantum field theory Quantum physics
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Particle physics | Dynamics friction
Many body physics

Statistical physicsé N

How do | answer X?

Simulations  oker-Planck Where do | start?

GGravitation

Relativity (Special and General)

Electroweak theory Data analysis o
Radiative processes

Statistics

Galactic dynamics | P
Electrodynamics Nuclear
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+ multiband aspect
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Taxonomy of objects for fund. physics

BBN

CMB

Large scale structure

Intergalactic medium

Galaxy clusters

(Galaxies

AGN

Globular clusters

Supernovae

Families of stars

Is there a ‘clean’ observable?

Neutron stars e.g. mass of neutron stars

Can it be modified by a new

Pulsars model?

Black holes Will it be degenerate
| with some standard physics?

Are there cross correlations?
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How does it interact? How do we feel it locally?

Dark energy: Why so small? Is it constant?
Coincidence problem (why now)? What is it?

Does it interact? Can we feel it locally?

Gravitation: Can we test quantum gravity?
Can we modify gravity for a good purpose?

Are we seeing black holes? GWs pheno?
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Anything else?

Event time t  redshift z temperature T’
Inflation 10734 5 (7) — —
Baryogenesis ? ? 7
EW phase transition 20 ps 1019 100 GeV
QCD phase transition 20 ps 10%2 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling 1s 6 x 107 1 MeV
Electron-positron annihilation 6 s 2 x 10? 500 keV
Big Bang nucleosynthesis 3 min 4 x 108 100 keV
oo e e am o
Recombination 260-380 kyr 1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV
Reionization 100400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality oGy 04 033 meV’
Present 13.8 Gyr 0 0.24 meV
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Fundamental cosmological backgrounds
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How does an atomic clock feel dark matter?

Me 2015-2017
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“Traditional’ Direct Detection

spin-independent WIMP-nucleon interactions
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“Traditional’ Direct Detection

spin-independent WIMP-nucleon interactions

scattering

N /S
7N

DM nucleus
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R GeV ev
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CRESST-II

200 500 1000

low-energy threshold

———

dramatic loss of sensitivity at low mass
(still ‘high” mass in the DM landscape)

Schumann 1903.03026

Very active field! See e.g. Alexander et al 1608.08632
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How does an atomic clock feel dark matter?

Ramsey sequence (this uses only QM!)

Aw

8P2:O * WmaX:AE

e 1) = |Aty) 2@%5 Y e
oy, oy,
¢ 0 " - " " *

\ Py = cos|[AwT/2]° with Aw=w— (Ey— E})

R.Alonso, DB and P. Wolf
1810.00889 & 1810.01632




How does an atomic clock feel dark matter?

R.Alonso, DB and P. Wolf
1810.00889 & 1810.01632

Ramsey sequence in the presence of DM

LECTURES ON| 1) Aty ) /\/\/L
QUANTUM .
MECHANICS! W
SECOND EDITION l ' P2
STEVEN WEINBERG ) s ’ 4 Pl
5k >
£y

scattering amplitude at g = 0

£1(0) — f2(0)] sin[AwT|

8P2:O * wmaX:AE+5DM

QM allows us to measure at ¢ = 0 and hence move to low DM masses!



Why is ultralight DM so different”?
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-or ULDM, field has huge occupation numbers with random phases:
it can be treated as a classical tield (all the quantum properties are suppressed)



Why is ultralight DM so different”?
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m/UGSC
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AxzAp 2 h
M
N, — MW
N.m

:’*@ "’ ) escape velocity ~ 2 x 107%¢ i) size 100 kpc

N. ~ 107 (ﬁ>3
i eV

4
eV
~10% | —

-or ULDM, field has huge occupation numbers with random phases:

it can be treated as a classical field (all the quantum properties are suppressed)

£:§

(9,0)° — m?¢?

¢k - el(a)t—kx)
iIN a virialized halo

Q: fermions?



‘Coherent’ effects of ULDM in the MW

dark matter halo

Virialized collection of waves ¢, ~ €@k

bulge
Sun disk

. - S —— Umax
¢m/§ d’
0

2 2 . C
Milky Way ve "V /o €Zw”t€ LIy xezfv —+ c.cC.

|

distribution: oo ~ 10 °¢ in the MW

w? =k* +m* = m*(v:+1)

since v ~op <1 P P @ X ¢gcos(mt + f)

T Wo A

¢(t)/Ppm
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t/7.




‘Coherent’ effects of ULDM in the MW
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The atoms live in a background with some coherent features and
for certain dark matter models

Vo — V1 #0
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The atoms live in a background with some coherent features and
for certain dark matter models

Vo — V1 #0



One possible model

Alonso, DB, Wolf 1810.00889

nucleons DM
L = —Gn/dgaf (ﬁv*”%n) (iXT*ﬁ,LX + h.c.) =l = S
Sn + Uy

previous bounds
(astrophysics)

N\

cOo-magnetometers

10~21 10-18 10~ 19 10~ 12 10~9 10~6
m, (eV)
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A bit more on pheno of GWs



Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern




0 Taxonomy of GWs

transient persistent

continuous waves

phase
modelled

pulsars

stochastic backgrounds

phase
unmodelled

supernovae

phase transitions
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Today soundscape
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Today soundscape
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What’s the future of GWs (maybe 2040)?
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What’s the future of GWs (maybe 2040)?
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What’s the future of GWs (maybe 2040)?
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Can we use precision physics?



How do pulsar signals feel dark matter/GWs?

Pulsar travels in a medium. Does it lose momentum? Dynamical friction?
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) Pulsar travels in a medium. Does it lose momentum®? Dynamical friction”
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2107.04063

How do pulsar signals feel dark matter/GWs?

) When

M Is
one ca
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ultralight, it has a wave behaviour:

N absorb them efficiently if

Py |days]

1612.06789
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How do pulsar signals feel dark matter/GWs?

) It travels in a medium. Is it absorbed?

DM Y Y

/e‘,["'
GW

1) It travels in a medium. Is it modified”? (polarization/speed/spectrum)
Andreés Castillo, Jorge Martin-Camalich. Jorae Terol-Calvo. et al JCAP 06 (2022) 06, 014
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What about the quantum frontier for GWs?
L~ %Auj:ﬂf(h) + WuanyﬁFWFaB |

gravitational wave + EM field = current!

hH" AM

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

How do we read out this? We need the best ways to store and detect photons.



What about the quantum frontier for GWs?
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What about the quantum frontier for GWs?
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How do we unvelil the mysteries of Nature”?

Theory recap Messengers recap

Taxonomy of objects List of open questions
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How do we unvelil the mysteries of Nature”?

Theory recap Messengers recap

Taxonomy of objects List of open questions
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