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Standard Cosmology: What?
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Standard Cosmology: What?

ΛCDM + GR)
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Relativity
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1. distant galaxies & supernovae 
accelerating expansion 

2. Cosmic Microwave Background  
dark matter, seeds of structure 

3. Large-scale distribution of galaxies 
growth of structure 

+ abundances of light elements, …

Standard Cosmology: Why?

(simple ICs + GR)ΛCDM
Good match with observational data 
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Standard candles: Brightness → Distance

Cosmic Expansion



Cosmic Expansion
Supernovae: standard(isable) candles



Cosmic Expansion
Universe is expanding at an accelerating rate

supernovae
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light stretched by expansion

Cosmic Microwave Background



universe cooled by expansion

Cosmic Microwave Background

hot Big Bang

blackbody 
spectrum 
T=2.725K 

COBE



tiny variations in amount of matter 

seeds for cosmic structure today

Planck 

magnified
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Cosmic Microwave Background



Cosmic Microwave Background

total density

baryons vs.  
dark matter

early universe 
fluctuations

determines universe ingredients & ICs

Linear physics, you can try the Planck CMB Simulator 

https://chrisnorth.github.io/planckapps/Simulator/


Cosmic Tug of War

pressure (radiation) → δ oscillates

�̈ + [expansion] �̇ + [pressure� gravity] � = 0
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density contrast

Winner writes history 
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⇢(x, t)
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gravity (matter) → δ grows

expansion (dark energy) → δ freezes



6 parameters for whole Universe

Cosmological Standard Model

primordial density fluctuations 

amplitude As 

scale dependence ns
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6 parameters for whole Universe 

primordial density fluctuations 

amplitude As 

scale dependence ns

Cosmological Standard Model
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6 parameters for whole Universe 

primordial density fluctuations 

amplitude As 

scale dependence ns

Cosmological Standard Model

time scales 

age of universe t0 

1st stars & galaxies zre

matter density 

baryons Ωb 

dark matter Ωcdm



CMB -> Large-Scale Structure

tiny density differences 

~0.00001x mean density

density differences grow by factor of 10 million!

large density differences 

~100x mean density



National Center for Supercomputer Applications (A. Kravtsov  & A. Klypin)

CMB -> Large-Scale Structure

http://www.ncsa.uiuc.edu/


CMB -> Large-Scale Structure
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CMB -> Large-Scale Structure

nearly 
uniform 

 

AFTERGLOW
of early universe

SKELETON
of dark matter

rich 
structure 

COSMIC WEB
of galaxies



Baryon Acoustic Oscillations survive all the way 

CMB -> Large-Scale Structure

Early Time  
CMB

Late Time  
Galaxy Distribution



on large scales: matter distribution statistically

Galaxy Correlation Function

homogenous isotropic



excess correlation compared to random distribution 

random 

⇠(r)

r

0

Galaxy Correlation Function

⇠(r) = h�(x+ r)�(x)i
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

averagedensity contrast



excess correlation compared to random distribution 

random 

⇠(r)
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excess correlation compared to random distribution 

random 

⇠(r)

r

0

Galaxy Correlation Function

⇠(r) = h�(x+ r)�(x)i
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averagedensity contrast
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realistic distribution with 
excess & defect

r-
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predictions require density contrast 

dark matter as chocolate (effective fluid)

Correlation function

⇠(r) = h�(x+ r)�(x)i
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density  

velocity

Dark Matter Fluid Dynamics

density

nonlinear
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A Coherent Picture

peak series in frequency scale = 1 peak in spatial scales

Early Time  
CMB

Late Time  
Galaxy Distribution

Baryon Acoustic Oscillations survive all the way 

Mpc/h



Standard Cosmology: Summary

ΛCDM + GR)
General 

Relativity

sets dynamics

Cosmological  
Constant

drives expansion
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(simple ICs 



Beyond Standard Cosmology 

interactive word cloud menti.com 1459 5969
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Beyond Standard Cosmology 

(simple ICs + GR)ΛCDM

massive 
neutrinos, … 

+X

general 
dark 

energy

non-cold,  
self-interacting, 

wavelike, … 

non-Gaussian, …

Modified Gravity



Beyond Standard Cosmology 

(simple ICs + GR)ΛCDM

general 
dark 

energy



Expansion dilutes energy

⇢m ⇠ a�3
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Matter 
volume grows

⇢⇤ ⇠ const.
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Radiation 
volume & wavelength grows
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Dark Energy Dominates at Last

⇢⇤ ⇠ const.
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w0 = �1

Dark Energy  

equation of state (many models)

<latexit sha1_base64="UN48OJeFdvAlGb5efgr9vgRGNCo="></latexit>

⇢DE ⇠ a1+w(a)

parametrisew0wa
<latexit sha1_base64="W90Vjm0yfaDJXJ2MiEPNeyf120w="></latexit>

w(a) = w0 + wa(1� a)



Dark Energy Slows Growth

�̈ + [expansion] �̇ + [pressure� gravity] � = 0
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density contrast

Winner writes history 

1 + �(x, t) =
⇢(x, t)

⇢̄(t)
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�(a) ⇠ D(a)�(a = 1)

expansion (dark energy) → δ freezes



Linear Growth of Structure

records physics on large scales 
measurable galaxy clustering & weak lensing

LCDM Δw0=±0.05

LCDM Δwa=±0.05

LCDM ΔΩm=±0.01
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Beyond Standard Cosmology 

(simple ICs + GR)ΛCDM
non-cold,  

self-interacting, 
wavelike 

Modified Gravity



CMB & Large scale structure

Galaxy flat rotation curves Cluster gas vs.mass

visible  
matter

dark matter

mass? 

particle/wave-like? 

interactions?

Dark Matter Evidence

Big Bang Nucleosynthesis



Dark Matter Mass

one of the least constrained physical parameters

review: Battaglieri++ `17
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νKnown particle masses: e- p HiggsνKnown particle masses: e- p Higgs

ultra-light massive

For thermal production: hot warm cold

https://arxiv.org/abs/1707.04591


• What do we know about DM?

6. it was slow (non relativistic) at the time of formation of first structures (if in 
thermal equilibrium)

cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

N-body simulations find that if DM would be lighter than keV small structures 
would have been erased! 

Dark Matter: Warm?

higher streaming velocities wash out substructure

(~keV)

simulation:



simulation: Schive ++ Nature Physics Letters `15Figure 1: Comparison of cosmological large-scale structures formed by standard CDM and by wave-
like dark matter, ψDM. Panel (a) shows the structure created by evolving a single coherent wave function
for ΛψDM calculated on AMR grids. Panel (b) is the structure simulated with a standard ΛCDM N-body
code GADGET-212 for the same cosmological parameters, with the high-k modes of the linear power spec-
trum intentionally suppressed in a way similar to the ψDMmodel to highlight the comparison of large-scale
features. This comparison clearly demonstrates that the large scale distribution of filaments and voids is in-
distinguishable between these two completely different calculations, as desired given the success of ΛCDM
in describing the observed large scale structure. ψDM arises from the low momentum state of the conden-
sate so that it is equivalent to collisionless CDM well above the Jeans scale.

CDM, including the surprising uniformity of their
central masses,M(< 300 pc)! 107 M", and shallow
density profiles1–4. In contrast, galaxies predicted by
CDM extend to much lower masses, well below the
observed dwarf galaxies, with steeper, singular mass
profiles5–7. Adjustments to standard CDM address-
ing these difficulties consider particle collisions16, or
warm dark matter (WDM)17. WDM can be tuned to
suppress small scale structures, but does not provide
large enough flat cores18, 19. Collisional CDM can
be adjusted to generate flat cores, but cannot sup-
press low mass galaxies without resorting to other
baryonic physics20. Better agreement is expected
for ψDM because the uncertainty principle coun-
ters gravity below a Jeans scale, simultaneously sup-
pressing small scale structures and limiting the cen-
tral density of collapsed haloes8, 9.

Detailed examination of structure formation
with ψDM is therefore highly desirable, but, un-
like the extensive N-body investigation of standard

CDM, no sufficiently high resolution simulations of
ψDM have been attempted. The wave mechanics
of ψDM can be described by Schrödinger’s equa-
tion, coupled to gravity via Poisson’s equation13
with negligible microscopic self-interaction. The dy-
namics here differs from collisionless particle CDM
by a new form of stress tensor from quantum un-
certainty, giving rise to a comoving Jeans length,
λJ ∝ (1+ z)1/4m−1/2

B , during the matter-dominated
epoch15. The insensitivity of λJ to redshift, z, gener-
ates a sharp cutoff mass below which structures are
suppressed. Cosmological simulations in this con-
text turn out to be much more challenging than stan-
dard N-body simulations as the highest frequency
oscillations, ω , given approximately by the matter
wave dispersion relation, ω ∝ m−1

B λ−2, occur on the
smallest scales, requiring very fine temporal resolu-
tion even for moderate spatial resolution (see Sup-
plementary Fig. S1). In this work, we optimise
an adaptive-mesh-refinement (AMR) scheme, with
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review : Lam Hui `21

ψDM: mimics CDM on large scales  
interference effects on small scales

Dark Matter: Wavelike?



Dark Matter: Wavelike?

credit: Irsic ++ ‘17

ψDM: lower limit on mass by Lyman-alpha forest  

st
re

ng
th

 o
f 
cl

us
te

ri
ng

scale: large to small

ψDM
CDM



Dark Matter Interactions? 
Bullet Cluster: X-Ray (gas)



Dark Matter Interactions? 
Bullet Cluster: weak lensing (mass)



Dark Matter Interactions? 
Bullet Cluster: X-Ray (gas) & weak lensing (mass)



Beyond Standard Cosmology 

(simple ICs + GR)ΛCDM
non-Gaussian



Primordial Non-Gaussianity
density & temperature ← gravitational potential ɸ  

standard: Gaussian ɸG ≈ single field inflation 

fully determined by fluctuation spectrum

primordial non-Gaussianity: 

need higher spectra 

now: |fNL|≲O(10) 

target: |fNL|≲O(1)
credit: Ligouri++10 review

local: ɸNG=ɸG+fNL(ɸG2-<ɸG2>)+… 

≈ multi field inflation

skewness



Primordial Non-Gaussianity
large-scale structure challenge 

disentangle primordial from late-time  
non-Gaussianity from nonlinear clustering 

z
● 3
● 2
● 1
● 0.5
● 0

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

ρ

(ρ), R=10 Mpc/h

sims: Quijote             CU, Friedrich ++ 19



Beyond Standard Cosmology 

(simple ICs + GR)ΛCDM

Modified Gravity



Modified Gravity? 

GR 
unique massless, metric theory of gravity

massive gravity 
graviton mass mg>0 

slows gravitational waves

break assumptions 
preferred frame/position 

post-Newtonian parameters

additional field (scalar, …) 
fifth forces with screening 

affect structure growth

phenomenological 
parametrisations 

affect clustering & lensing 



Modified Gravity? 

additional field (scalar, …) 
fifth forces with screening 

affect structure growth

phenomenological 
parametrisations 

affect clustering & lensing 



Modified Gravity Parametrisation 

lensing strength 

clustering strength

credit: 
Simpson++ `12

assuming  
flat ΛCDM 
expansion

degenerate with 
dark energy w(z)

<latexit sha1_base64="e5sfBPK/g7LwLfdAnx0xZ7h2spw="></latexit>

r2� = 4⇡G(1 + µ)�⇢m

 + � = (1 + ⌃)( + �)GR

<latexit sha1_base64="e5sfBPK/g7LwLfdAnx0xZ7h2spw="></latexit>

r2� = 4⇡G(1 + µ)�⇢m

 + � = (1 + ⌃)( + �)GR

https://ui.adsabs.harvard.edu/link_gateway/2013MNRAS.429.2249S/arxiv:1212.3339


fifth force affects linear structure growth  

depends on time and scale

credit: review 
Ishak `19

Modified Gravity: Scalar Fields

<latexit sha1_base64="InPOB0vBH+fMuE/jP2U2SIWVA5o="></latexit>

/ ⌦m(a)�

�GR ' 0.55

https://link.springer.com/article/10.1007/s41114-018-0017-4


fifth force affects nonlinear structure 

depends on time and scale

Modified Gravity: Scalar Fields

Alex Gough, 
2nd year PhD 
@ Newcastle

paper 
arXiv: 2109.02636 
proceeding  
arXiv: 2112.04428



Beyond Standard Cosmology 

(simple ICs + GR)ΛCDM

massive 
neutrinos, … 

+X



neutrino oscillations → Δm1/2 

clustering → Σm ?

Large-scale structure: Euclid projection

guaranteed detection
<latexit sha1_base64="TOcSaziLt7L4kjgTgqtdK4BtETU=">AAACA3icdVBNSwMxEJ2tX7V+Vb3pJVgET8tuLdaCYMGLR0VbhW4p2TStoUl2SbJCWQpe/CtePCji1T/hzX/hTzDdKqjog4HHezPMzAtjzrTxvDcnNzU9MzuXny8sLC4trxRX15o6ShShDRLxSF2GWFPOJG0YZji9jBXFIuT0Ihwcjf2La6o0i+S5Gca0LXBfsh4j2FipU9wIzlhfYCQ6aSCT0YHneruBEiltjjrFkufWMqAJqVY+Sc1HvutlKB2+Q4aTTvE16EYkEVQawrHWLd+LTTvFyjDC6agQJJrGmAxwn7YslVhQ3U6zH0Zo2ypd1IuULWlQpn6fSLHQeihC2ymwudK/vbH4l9dKTG+/nTIZJ4ZKMlnUSzgyERoHgrpMUWL40BJMFLO3InKFFSbGxlawIXx9iv4nzbLr77mV00qpXp6kAXnYhC3YAR+qUIdjOIEGELiBO3iAR+fWuXeenOdJa875nFmHH3BePgBX0ZjF</latexit>

⌃m⌫ < 0.03eV

Neutrinos are Massive!

<latexit sha1_base64="xlRaMxCoL4YvAqD7cRK15TrosBw="></latexit>

⌃m⌫ � (0.06� 0.1)eV

νΛCDM



Beyond Standard Cosmology 

(simple ICs + GR)ΛCDM

massive 
neutrinos

+X

dark energy 
w(z):w0,wa

warm, wavelike ѱ non-Gaussian fNL from early universe

Modified Gravity 
extra scalar fields 

&  
parametrisations 

large-scale structure probes 
growth, clustering, lensing

dark energy early 
universe neutrinos gravity

w0:0.015 wa:0.15 fNL: 5 Σmν:0.03eV ɣ:0.01
x10 x50 x50 x30 x30

galaxy surveys promise big improvements over CMB


