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Outline

Predictions of Inflation

—xtending slow-roll and the running
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Nflation

® [nflation is a model that predicts the
Universe by ‘inflating’ the entire
observable universe from a small

thermalised region

® Accelerated expansion in the early
universe

® Generates ‘exo-universes’, beyond
our observable horizon, that explain

why we ook special

® But, to solve the flatness, isotropy and
relic problems, we need ‘sufficient

inflation, which is about 60 e-folds (i.e.

the scale-factor grows by a factor of e
at least 60 times before inflation ends)

INFLATIONARY COSMOLOGY
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Slow-roll inflation

® Slow-roll inflation proposes the period of
accelerated expansion generated by a single,
minimally coupled scalar field

® |f inflaton potential is flat enough, Klein-Gordon
and Friedman equations can be approximated

as Stls
H>=—V
3
3Hp = -V’
® \/Vhen these approximations break down, slow-
roll is violated and inflation ends

inflaton

® Slow-roll lasts long enough to solve the
oroblems with the early universe

® Other advantage: predicts a spectrum of density
fluctuations

¢ (inflaton




Quantum fluctuations
and the Horizon

® Fvery mode has an
oscillation wavenumber, k Large-

® [he fluctuation evolves scales
differently depending Caornoving
whether wavelength is Ubble
larger or smaller than
horizon Scale

o Hubble honzon equwalent to :
~ particle horizon in matter- or e e




Inflationary Predictions

® \\Ve expand the potential in terms of the slow-roll parameters
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® [nflation predicts a power spectrum of adiabatic, Gaussian-distributed, nearly-scale
invariant density perturbations
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Consistency relation

® \\Ve have three free parameters in our (slow-roll) inflation model:
® Energy scale of inflation, V
® Slope of potential, V'
® Curvature of potential, V"

® \/\/e have four observables

® amplitude of density power spectrum, As
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Inflation lasts too Iong

® \Vith only two slow-roll parameters,
we can uniguely predict the
duration of inflation (), as well as
the values of the tensor to scalar

ratio () and the spectral index (ns) - [l

® The latest bounds on r and ns can e

be USGd J[O maKe a DOSJ[GHOF 0.950 0955 0960 0965 0970 0975 0.980
orobability distribution on N ns

e— N

® \\e find that, for the most recent
Planck + BICEP/Keck compilation
all simple inflationary models (two
parameter, slow-roll) predict that
inflation lasts for too long, N>/0 at
0% ¢




—xpanding slow-rol

® \\Vhat are possible explanations for this problem?
1. Inflation ends abruptly much later, and the two parameter expansion does
not describe the end of inflation (chasm-opening vs ski-slope)
2. The universe after inflation ends is not relativistic, and there is some other
unknown period before the hot big bang and BBN.

® This is unlikely, as it would require a stiff fluid (w=1), but would change the
required number of e-folds

The two cter model is ir nplete, and needs to be expanded
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Higher-order terms

® But what if we add the next-to-leading order term in the potential €, to control the
duration of inflation”?
® [his would make the potential more complex, but allow for a small € (which we
know from the small r) and still have N~60
® But, this also changes the predictions, introducing a running (as) into the primordial
power spectra i ne—14+2asIn(k/ky)
P(k) = As ( )
® The slow roll pred|ct|ons arenow N 1
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Change of prediction

® \\Ve can theretfore

oredict what the running as will

pbe (103 qs IS plotted), for fixed values of ns, rand N

® \\/e see that, as't
the future, and It 1

Ne constraints on r get tighter in
nere is no detection, the

oredicted (apsolu

0.95 0.96 0.97

Ns

te) value of running will be larger

9
Contours are 107ag



—guivalence classes

® \Vhere will these constraints leave Inflation in 2030 (and after)?
® Considering the Taylor expansion of the potential, there are three options:

® \/'»\/" (large gravitational wave amplitude), which requires r=0.01, and
S close to being ruled out

® V'~V (moderate gw amplitude), which would be ruled out if r=10-4
(p088|ble imit by 2080)
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\Veasuring the running




Optimal surveys for
_uNning

® Constraints on the running are an order of
magnitude too weak (as= 0.013 £ 0.012 at
68% CL from the Planck surveyor) to test this
explanation

® [0 measure running, need accurate
measurements of structures on both smaller
and longer scales

® | arge-scales: all-sky surveys

® Small-scales: higher redshift to take
advantage of linear theory at smaller
wavenumber K

® [hree independent options:
® Optical: DES| = SPHEREx = SPHERENext
® Radio (IM): CHIME (SKA) = REACH
® CMB: Planck = CMB-54 — Voyager2050




-1sher Torecast

® [he current cosmological data is not powerful enough to measure the
running at the level that matches the slow-roll inflation prediction

® However, with future CMB and large-scale structure surveys, it might be
within reach by 2030

® \le can use the Fisher matrix formalism to predict the effectiveness of
future surveys to measure parameters

5’2 ln£

“, ,‘ -.‘ 'f:.l“




—adqio: Intensity Mapping

® |ntensity Mapping maps the distribution of
matter through the emission of 21cm
radiation from atomic hydrogen

® [he ‘forbidden’ electron spin-flip
transition

® CHIME is the Canadian Hydrogen Intensity
Mapping Experiment, a neutral hydrogen-
mapping radio telescope near Penicton,
British Columbia

'CHIME will cover the entire

RADIO EXPERIMENT FOR THE ANALYSIS OF COSMIC HYDROGEN

Artist impression of first stars. Adolf Schaller for STScl.



® he Dark Energy Spectroscopic Instrument
(DES) is a multi-object spectrograph designed
to measure the distance (redshift) of 5000
galaxies simultaneously, using fibre optics.

® [he DESI survey will cover most of the
northern sky and part of the south, with an
estimated target of 35 million galaxies to be
surveyed

® SPHEREX (Spectro-Photometer for the History of
the Universe, Epoch of Reionization, and lces
Explorer), near infra-red space observatory that
will perform a low-resolution spectroscopic all-

sky survey.
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® Planck is a space-based CMB anisotropy
observatory, covering the whole sky, which is

cosmic variance limited down to £<1800.

® Primarily measures temperature anisotropies,
with some polarisation sensitivity

® CMB-34 is a a ground-based CMB
experiment being constructed at both the
South Pole and Atacama desert sites

https.//www.esa.int



https://arxiv.org/abs/1909.01593
https://arxiv.org/abs/1909.01593

\Veasuring the running

® \/\le predict the effectiveness of
large-scale surveys when
combined CHIME and
SPEIEREcwita a MBS 54
experiment, to measure running
at the 103 level

0.94

® None of these can measure the
running very well individually,

but the constraints become . Sd+
| Nt : ] ¢
powerful in combination .

® (o i on e epsor o C+S

scalar ratio will reach r < 10~ 0.960 0.965 0.970
at 95% propability ng




\Veasuring the running (2)

® REACH improves on CHIME due “

to the higher redshift and so O REACH + SO
number of small-scale (linear) k
modes that can be measured

® (Constraints on running (again in
combination with Simons
Observatory, but without
SPHEREX), start to get close to
the 103 level




\Measuring the running (3)

® \/oyager2050 has a very different
degeneracy direction, because it
IS sensitive to the matter power
spectral on scales
k ~ 10°Mpc™! through CVIB
spectral distortions

5S4 + REACH + V2050

+REACH

® (Constraints on running in
combination with BEACH, are
below the 103 level




NMeasuring the running (4)

® SPHERENnext again significantly
improves on SPHEREX,
increasing Vef from 29 Gpc® to
180 CGoes & S4 + SPHEREnRext

® Redshift bin with the highest
redshift accuracy has a mean
redshift of z = 1.48, allowing us

to extend our scale range to Kmax
=021/ ee

® Precision achieved IS
Oy, = 1.6 X 1073 by itself




Jmmary

® |nflation is the most successiul early universe theory to explain observations of the
orimordial power spectrum

® wo parameter slow-roll models make predictions of ns and r consistent with data,
out prediction of duration N inconsistent with post-inflationary physics

® Prediction of duration can be changed if the slow-roll series is expanded to three
terms

® A three-term slow-roll model predicts a larger value for the running of the primordial
power spectrum
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