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● Base assumption: FLRW metric

(homogeneity & isotropy at leading order on 
largest scales)

● Also: Perturbations of physical size 
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Cosmology Primer

● Energy content:

● Different epochs

inflation → RD, MD, ΛD
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0.004%



  Nils Schöneberg nils.science@gmail.com

Energy content

● The typical ΛCDM energy content:

Radiation

0.004%



  Nils Schöneberg nils.science@gmail.com

Our cosmic history (so far)

Hubble horizon (1/aH)

Causal generation
(quantum fluctuations)

Horizon entry

CMB Reionization
(structure formation)

BBNQCD

Comoving wavenumber (1/k)

Inflation Reheating
Radiation
Domination

Matter
Domination

Dark Energy
Domination



  Nils Schöneberg nils.science@gmail.com

Our cosmic history (so far)

Hubble horizon (1/aH)

Causal generation
(quantum fluctuations)

Horizon entry

CMB Reionization
(structure formation)

BBNQCD

Comoving wavenumber (1/k)

Inflation Reheating
Radiation
Domination

Matter
Domination

Dark Energy
Domination

String theory String 
theory

ST



  Nils Schöneberg nils.science@gmail.com

Our cosmic history (so far)

Hubble horizon (1/aH)

Causal generation
(quantum fluctuations)

Horizon entry

CMB Reionization
(structure formation)

BBNQCD

Comoving wavenumber (1/k)

Inflation Reheating
Radiation
Domination

Matter
Domination

Dark Energy
Domination

String theory String 
theory

ST



  Nils Schöneberg nils.science@gmail.com

Inflation

● Horizon problem 
→ thermal contact before inflation generates isotropy

● Flatness problem 
→ inflation expands space, diluting any existing curvature

● Causal perturbations 
→ super-horizon perturbations were sourced by sub-horizon quantum fluctuations
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Inflation

Slow roll of scalar field
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Inflation conditions

● For inflation we need
● It needs to last long 
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(more or less, e.g. reheating, different scales)



  Nils Schöneberg nils.science@gmail.com

Inflation conditions

● For inflation we need
● It needs to last long

 → with

● Additional requirement of
→ Natural result: 

(more or less, e.g. reheating, different scales)
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Inflation and strings

● Moduli fields are natural candidates for scalar 
fields in cosmology

→ Can moduli fields do inflation?

● Many potentials can be realized in string theory
● BUT there might be problems lurking:

→ Swampland criteria
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Swampland Criteria

● Which EFTs 
have consistent 
UV theories?

● Define criteria 
in UV that 
need to be 
kept in the IR

Low energy EFT

Excellent lecture notes: 2102.01111
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● Which EFTs 
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● Define criteria 
in UV that 
need to be 
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Excellent lecture notes: 2102.01111

No direct cosmology impact

Boundary 
conditionsDistance

conditions
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conditions
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Simplified Swampland

● Field shall not move too much

● Potential should be curved enough

or Contested!



  Nils Schöneberg nils.science@gmail.com

Simplified Inflation

● Slow roll requires
● Long inflation + slow roll requires

⇒ Obviously in tension!

(single-field slow-roll is incompatible)

or
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What Gives?

● Swampland:
– Wrong conjectures
– Wrong application of conjectures to EFT

● Inflation:
– More complicated models!
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What Gives?

● Swampland:
– Wrong conjectures
– Wrong application of conjectures to EFT

● Inflation:
– More complicated models!

Multifield, warm, eternal, natural/Starobinsky, modified gravity, ...
1807.04390,
1807.05193,
1807.09698,
1808.01615,
2204.13794...

1809.03962,
1108.2166,
1910.06796,
1911.00323,
2001.10042,
2002.04925,
2101.00638,
2209.06153

1807.11938,
1811.11698,
1907.08943,
1912.00749,

1810.06532,
2101.08882

1902.02849,
1902.03939,
1905.05654,
1910.11676,
2105.11935,
2108.01448,
2111.15477,
2207.09793,
2212.08003,
2202.06381

1809.01277,
1810.04001,
2106.03578,
2002.02941

e.g. warm 
inflation:
Dissipative 
equation of 
motion



  Nils Schöneberg nils.science@gmail.com

Our cosmic history (so far)

Hubble horizon (1/aH)

Causal generation
(quantum fluctuations)

Horizon entry

CMB Reionization
(structure formation)

BBNQCD

Comoving wavenumber (1/k)

Inflation Reheating
Radiation
Domination

Matter
Domination

Dark Energy
Domination

String theory String 
theory

ST



  Nils Schöneberg nils.science@gmail.com

String theory and dark energy

● No constants/no free parameter 
→ no cosmological constant!

● We need dynamical dark energy!
→ Can we realize it?

⇒ Quintessence
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News from the Swampland

● Nils Schöneberg

● Léo Vacher

● J. D. F. Dias

● Martim M. C. D. Carvalho

● C. J. A. P. Martins
João Dias

Leo Vacher Carlos Martins

Martim Carvalho
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Quintessence 101

● Scalar field Dark Energy
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Quintessence 101

● Scalar field Dark Energy

Similar to SR, but less restrictive
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Quintessence 101

● Scalar field Dark Energy

Dynamical system analysis 
(is it at all possible?)
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Dynamical System Analysis
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Dynamical System analysis

● Location of blue attractor:

● Corresponding bound on potential:

BUT: No need to last long, so maybe                     are fine 
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Quintessence and Swampland

● The equation for L:

⇒ For large g, we have strong acceleration of L 
(either positive or negative)
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From Theory to Practice

● Let’s investigate a few models and see what’s 
happening!
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Good news: SDC doesn’t seem to be an issue!
 (in any cases)
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From Theory to Practice

● Exponential:
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From Theory to Practice

● Constant                  does not work…

⇒ Maybe if we use other criterion!
● Try large second criterion: 

We even get for free:
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From Theory to Practice

● Cosine potential:

● Conclusions:
– c > 1 is possible! (though disfavored by large H0)

– The limit of             is not really reached
– Fine tuning          (but only very mildly!) 
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Other possibilities

● Axionic potential
– Similar to cosine potential, just more permissive
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Other possibilities

● Axionic potential
– Similar to cosine potential, just more permissive

● Inverse exponential

– Not great 
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Other possibilities

● Double exponential:

– Basically 

the same as 

exponential case
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Can we do better?

● Model-independent construction, right?!

(e.g. cosmic chronometers + BAO)
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Devil in the Detail

● Have to convert

Except for CC,
The data 
require other 
cosmo params 
to convert to 
H(z), e.g. rs or 
H0
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with SM fields through coupling ζ
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Quintessence Takeaways
● Typically the potential needs to be locally flat to 

agree with observations
● de Sitter criteria are hard to fulfill, at most

                possible when placed on an unstable 
maximum

● Additional fine-tuning argument if no reason to 
prevent coupling to EM fields

● Be careful about model-independent reconstructions 
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Things I did not touch upon

● Hubble tension in cosmology:
– Local data measuring high
– CMB/early data measuring low

● Model solutions involve recombination-time 
dynamics
– Early dark energy can be motivated with a string-

motivated axionic potential
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Summary

● Single-field slow-roll inflation is in peril from 
swampland criteria

→ modified inflationary models can come to the 
rescue

● Dynamical dark energy is in peril from 
swampland criteria

→ currently no better solution than to put DE 
on an unstable maximum
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