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The blackbody spectrum of the CMB i1s testimony to our hot, dense past
and demonstrates directly that the expansion was adiabatic

(with negligible energy release) back at least to £ ~ 10° s
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To derive this quantitatively, we need to understand how
thermalisation of the radiation occurred in the early universe



Far Infra Red Absolute Spectrophotometer
(differential polarizing Michelson interferometer)
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Wavelength (em)
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Observations at /ow frequencies are sensitive to possible spectral distortions



The thermalisation of the spectrum proceeds through scattering of hot
electrons (at temperature 7,) on the CMB photons, described by the:

Kompaneets (1957, Sov. Phys. JETP, 4, 730) equation:

on 5 0 [ ( Bn)‘
— =T " n+n®+ —
Ox

where n is the number of photons per mode (n = 1/(e” — 1) for
a blackbody), z = hv/kT,, and the Kompaneets y is defined by

kT
dy = 62 Nneorcdt.
MeC

Total photon number conserved:

B_N X /x—da:

/83;[ (n+n +g:>]da:

For a pedagogical derivation, see Peebles (Principles of Physical Cosmology, 1993)



The stationary solutions On/0y = 0 are general Bose-Einstein
thermal distributions:

n=1/(exp(z+ p) —1)

r’dx
N /exp(x+u)—1
— .- —kp 2 —kwd
kzz:le /a: e x
o0 e—kp
2’62221 13
= 2(((3) - K@) +-.)

A similar calculation for the energy density shows that

Uox6(C(4) —ul(3)+...).
For N = const, need AT /T = u((2)/(3¢(3))-

Therefore, the energy density change at constant N is

AU (K@) (@)
U ‘(34(3) 4(4))“ = O

FIRAS limit |u| < 9 x 107° implies

AUJU < 6 x 107°



To reduce p — 0 requires the creation
of photons 1.e. radiative processes

Bremsstrahlung

/

Double Compton scattering

/

1
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Bremsstrahlung




Since (1 + 2)8y/dz o« Qgh?(1 + 2)?, the overall rate for
eliminating a p distortion scales like Qgh?(1 + 2)%/2? per Hubble
time. A proper consideration (Burigana et al. 1991, ApJ, 379,
1-5) of this interaction of the photon creation process with the
Kompaneets equation shows that the redshift from which 1/e
of an initial distortion can survive is

4.24 x 10°

= Qs h2]0'4 (2)

Zth,

which is 2y, = 1.9 x 108 for Qgh? = 0.0224.

The absence of a u or y distortion implies the following constraint on any em energy release ...
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Decoupling of the relic radiation
Thomson scattering on electrons: Yy+e—>y+e
Photon interaction rate (x = n,/np): I pomson = e <(7 7 ‘VD < x I ‘o 7
cf. expansion rate of the universe (MD era): H o 7°'?

I
I

Thomson = 1 = Photons/matter in equilibrium

< H = Photons/matter decouple

thomson

The 1onisation fraction x, drops rapidly at (re)combination so the Thomson
scattering rate also decreases sharply below the Hubble expansion rate ...
This defines a last scattering surface for the relic photons, which we see today
as the cosmic microwave background

While p + e — H + y 1s in chemical equilibrium, x + 1, = 1y (since i, = 0) so,
ny = (gwg,g n nm, /2wy eBT (where B=m, + m,—my =13.6 eV)

In terms of the ionisation fraction x, and
the baryon-to-photon ratio, 7 = ny/n,,

. . . . . . . 2
this 1s the Saha 1onisation equation: T ﬁ

Me

-z, 4\/§C(3)77 ( I >3/2 o—B/T



041 027 0.14 Decoupling/recombination
1T/eV - happens not at 7'~13.6 eV but at

e T~13.6 eV/-In(n)
1E ;
b (Re)combination
Xe 10_23 (according to the Saha
ionisation equation)
_3:_
0 T..~035eV,z..~ 1300
10_4—. A : | A B

1500 1000 500
(1+2z)

Decoupling
(of photons and baryons)

T..~029eV,z,. ~ 1100

rec

More precise calculation by
L Seager et al, ApJ 523:1.1,1999

1500 1000 200

(1+2) (Codes: CosmoRec, HyRec)




Fluctuations in the CMB temperature = fluctuations in the matter density

Photons are redshifted as they move out of
W gravitational potential wells
— > )}
|

Dense regions have higher temperature =
photons have higher energy (b/ueshift)

Photons emitted from a moving surface are
red/blue-shifted

Fortunately the effects do not quite cancel so
the CMB carries a memory of the past!

However there is no effect on the CMB spectrum!



DM annihilation/decay energy release would increase the ionisation fraction of
the intergalactic medium and broaden the ‘ast scattering surface’ of the CMB
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This would result in damping of the ‘acoustic’ peaks in the power spectrum of

CMB fluctuations — as was noted originally for decaying dark matter
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Adams, Sarkar, Sciama, MNRAS 301:210,1998



The results are easily generalised to any source of 1onising photons (E >13.6 eV) e.g.
generated in the annihilation of dark matter particles (and resulting cascade)
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Now that the CMB TT power spectrum 1s known to O(%) accuracy, Planck data sets a strong
limit on this, disfavouring DM interpretations of the PAMELA/AMS-02 anomaly



What is the world made of?

Baryon density Qyh*
e 0 om

Mainly geometrical evidence: e Baryons
A~ O(H?), Hy~ 10* GeV Few~. (butno
... dark energy is inferred from the } . anti-baryons)
‘cosmic sum rule’: Q_+Q, +Q, =1 s

(assuming a homogeneous universe)

Both geometrical and
dynamical evidence for
S dark matter (if GR valid)

Kk P(k)/2m?
S

0.01E {1

Both the baryon asymmetry and dark matter require
new physics beyond the
Standard SU(3) xSU(2), xU(1)y Model
... dark energy is even more mysterious
(but still lacks compelling dynamical evidence)

0.001 —

k (h Mpc!)




What should the world be made of?

Mass scale Particle Symmetry/ Stability Production Abundance
Quantum #
Agcp Nucleons Baryon t> 1033 yr ‘freeze-out’ from Qp~ 1010
number (dim-6 thermal equilibrium | ¢f observed
OK) Qg ~0.05

We have a good theory for why baryons are massive and (cosmologically) stable
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However, 1n the standard cosmology ~none should be left-over from the Big Bang!



What is the expected relic abundance of baryons?
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. cqeq o . . . > 10°F ';

Chemical equilibrium is maintained 2 107 Increasing <o,v>

11 L E loob E

as long as annihilation rate exceeds aE ;

: 5ok leons (observed) >3

the Hubble expansion rate g 1onf i

= 10-1 |- .

Z 1o | SRR

2 o ;

Freeze-out’ occurs when annihilation rate: £ ¥

1 <R N T ——

I‘—navwm]\{ T3/2e—mN/T _—_ 3¢
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107 F E

becomes comparable to the expansion rate 10 :

7~ VIT? where g is # relativistic species er ...,  hucleons (expected) > 1
1 10 100 1000

Mp

x=m/T (time -)

‘freeze-out’ occurs at T ~ my /45, with:
Ty '””Y

However the observed ratio is 10° times bigger for baryons, and there are no
antibaryons, so we must invoke an initial asymmetry: B "B _ 159
(Note: Qn/Qq\~ 1/6) nB + Np
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‘Freeze-out’ can occur either when the
annihilating particles are:

___
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> Relativistic: TV n~ ’n,fy x=m/T (time =)

> Non-relativistic: 72 ~ 'n,,ye_m/T

Example 1: Z th2 ~ My, /93€V > how might this mass

scale arise (e.g. few keV
sterile neutrinos)?

10—27 crnBe—1 > natural DM abundance for
Example 2: QO h% o~ 3X10 ~ cmn's Fermi scale mass/coupling
X <O'ann'U>T:T .
£ (“WIMP miracle™)




The Standard SU3), x SU(2), x U(1), Model (viewed as an effective field
theory up to some high energy cut-off scale ]ll) describes all of microphysics ...

2
mH ~ k2 ht M2
167‘(’ 1672 .
-+ hierarchy problem super-renormallsable
—oTo + 3 (¢79)%, my = M?/2 — Higgs

vacuum energy problem

Leog = F? e /] @\Ij e AL e (D(I)) _|_ renormalisable

@ | \TAVAVAY | ‘|'9QCDFF—>axion?
|

I
I \\]\4/ \\My oo non-renormalisable

neutrino mass proton decay, FCNC ...

New physics beyond the SM = non-renormalisable operators suppressed by M” which decouple as M — M,
.. S0 neutrino mass is small, proton decay is slow — baryon asymmetry from ‘leptogenesis’?

But as M is raised, the effects of the super-renormalisable operators are exacerbated
One solution for Higgs mass divergence — ’softly broken’ supersymmetry at O(TeV)
.. or the Higgs could be composite — a pseudo Nambu-Goldstone boson

New TeV-scale physics provides a natural candidate for dark matter — e.g. the lightest
supersymmetric particle (or techni-baryon or Kaluza-Klein state ...)

But there are other possibilities too (axion, sterile neutrino, asymmetric dark matter ...)

But the ‘cosmological constant’ is >10° times higher than the maximum amount of
dark energy tolerable today ... we do not understand how the SM couples to gravity!
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Constraints from balance of weak rates vs Hubble rate
through He abunance

n —Am/T .. . .- L
€ ' fixed at freezeout Ve WO
P 1+(n/p)

Sets constraints on GF, GN, N, etc.
Note n-p mass difference 1s sensitive to both em and strong interactions, hence
“He abundance is exponentially sensitive to all coupling strengths

Conversely obtain bound of less than few % on any additional contribution to energy
density driving expansion e.g. gravitational waves, "dark radiation’, new particles ...

E.g. rule out A ~ H? (since this just corresponds to a ‘renormalisation’ of Gy))



“Neutrino counting”

Light element abundances are sensitive

to expansion history during BBN
2
H ~ Gprel

— observed values constrain the
relativistic energy density at BBN

prel = pEM + Nv,eff va

(Hoyle & Taylor 1964, Shvartsman 1969,
Steigman, Schramm & Gunn 1977, ...)

Pre-CMB:
“He as probe, other elements give 7

With n from CMB:

All abundances can be used (assuming that
5 did not change between 1 s and 10° yr)

N, =3.28+0.28
(Cooke et al, ApJ 781:31,2014)

0°8 R UL UL UL TR LN IR LS U TSN L
Y, +WMAP
———-Y,+D
il AN D+WMAP
.................. Y, +D+WMAP |

Likelihood
o
NN

0.2

Cyburt, Fields, Olive, Skillman, AP 23:313,2005

This constrains sterile neutrinos (and
other hypothetical particles) which do
not couple to the Z° ... complementary

to laboratory bounds e.g from LEP



Limits on o from BBN

Contributions to Y come from n/p which in turn come from Amyg

Contributions to Amy:

Kolb, Perry, & Walker
Campbell & Olive
Amy ~ aa,Agcp + bv Bergstrom, Iguri, & Rubinstein

In fundamental theories e.g. string theory, the physical “constants” do vary with time
... but the BBN constraint says that this must have stopped before t ~ 0.1 s



010 1

T T T Tl I s Jd 0 T I LI N ‘ L I | L L

-\ : \i - -

i \ \; : \\ R Yp I

i ‘\ : ) \ A —— D/H |
. \ : : \ : \ . o

i . : N 71 |
L \ \ : \\ LiH il I~
B ‘ ) -10 \ 7 . \ - (\]ﬁ
0.05 - 10 \ l—'/!'“seBN \ 1 A
! | N k 1 &

- \ : \ =
i \: 25x10-10 \ \ _— ] o
: \ : . \ :' o — ___---: N
a  r \ : \ 0247y Y \seeN 1 B
= i T '\ 0260\ ] =
< L e R i o
/ . ‘ --________---" \ \ _ v-c
i Py \ \ i S
- T \\ \ il A

- : \ -

-005 P = Lo =
L % \% O\ - de
| N o -

i o{, ‘ \ ] %
[ = : - \ L
[ 10710 , \ . \ \ a9
- : \: \ \-
[ : \: : \ q
_0-1 0 L1 -.I L1 f L1 1 I 1 I\: | I T N . | : 1 I | I I I N R . | \ 1 I | I T N I N N S
-0.10 -0.05 0 0.05 0.10

AE,/E,

Figure 3

Contours of ¥, D/H, and "Li/H are plotted in the parameter space of variable neutron-proton mass
difference Anz,, and deuteron-binding energy E;, normalized to their current values. The 5-10% downward

change in Ej, can significantly reduce the 7Li abundance.



Extensions of the Standard Model predict new 107
(typically) unstable particles, which would 10-8
have been created (thermally) in the early

Universe, e.g. weak scale mass gravitinos in

N=1 supergravity

_3
G—y+y 1,,=4x10"s |22

(Weinberg 1982; Khlopov & Linde 1983; Ellis,
Nanopoulos & Sarkar 1985; Reno & Seckel 1988)

The high energy photons would have photo-
dissociated the synthesized elements =
limits on the decaying particle abundance 10-#

Since ny,/n, ~ T

reheat

BBN and decaying particles

[e—
o
4

10-?

Mass x relic abundance (GeV)

3
Cyburt ef al, Phys.Rev.D67:103521,2003

particle lifetime (s)

10¢ 105 108 107 108 10° 10t 10! 10
Ty (sec)

/M, this requires that highest temperature reached in our past

(after inflation) was <10° GeV = severe constraint on baryogenesis/leptogenesis
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Consequences of late decays of a heavy 1-TeV mass particle X that releases half of its rest mass in the form of
electromagnetic energy. The threshold of *He disintegration is clearly visible below 1 keV. Primary
abundance flows are indicated by solid arrows, whereas the dashed arrow indicates the secondary
transformation of A = 3 nuclei into °Li. The model is excluded by the overproduction of D, 3He, and °Li.



Is the concordance between the theory and observations cracking up?

particles)? — this has added motivatio =
from the observation that ¢Li has also
been observed - with an abundance > 0.0
10* times higher than expected!
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A primordial ‘plateau’ in °Li is claimed to have been detected with
°Li/’Li~ 0.1 (cf- standard expectation °Li/’Li ~ 10-)
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Coupled with the fact that the ’Li abundance is ~3 times smaller than expected,
this has refocussed interest on non-standard BBN



1D, Lil, HD84937
i | ! | | NPT
. 7L | ; _ .
e =1 However the ‘detection’ of 6Li is
, 098f 1 based on fits to the line shape ...
2 ogsh 1 need more data to establish the
= I 6Li/7Li ] . 6l |
$ A reality of a ‘°Li plateau’
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FIGURE 4. The Hertzsprung-Russell diagram for stars from Figure 3 with [Fe/H] < —1.7. Filled symbols denote stars with a
detection of °Li according to the key in the top left comer of the ﬁoure Evolutionary tracks for the indicated stellar masses and

metallicities are from V: amdenBer° et al. (2000).
Lambert (2005)
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May be possible to solve both
‘lithium problems’ with relic
decaying particle having suitable
abundance/lifetime

e.g. gluino in split supersymmetry,
supersymmetric stau Next-to-LSP
(with gravitino LSP), ...

‘e, Cem D/H>4X10—5 i

‘e

10° 10’ 1(sec)10® 10

5

Bailly, Jedamzik & Moultaka, Phys.Rev.D80:063509,2009



Gluino in ‘split’ supersymmetry

If mass scale of SUSY scalar superpartners is raised well above a TeV (to evade
various problems with weak scale SUSY breaking), then predict /long-lived gluinos
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A small number of these would survive annihilation in the early universe and decay
during nucleosynthesis — stringent bound from overproduction of D + 3He

This would require supersymmetry breaking scale to be < 1010 GeV
Arvinataki ef al, Phys.Rev. D72 (2005) 075011



There may also be new charged quasi-stable relic particles in
Nature which would form bound states with “He

Although the “He (D, y) °Li reaction is normally highly suppressed,
this 1s not so for the bound state ...

Pospelov, PRL 98:231301,2007

Thus the lithium anomaly may be due to charged supersymmetric
particles (e.g. stau) which can catalyse relevant nuclear reactions
. if so these could be seen soon at the LHC!
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Addressing the ‘big questions’

We have today a ‘standard’ model of
both particle physics and cosmology
which allows us to extrapolate back
from the present day to the very first
moments following the Big Bang

While successful in accounting for a
wide range of observations, this has
raised a new set of more fundamental
questions concerning the universe

® The origin of the baryon asymmetry
® The nature and origin of dark matter
&€ The origin of the primordial density
perturbations that seeded structure
® The nature and origin of dark energy

_|_

» The initial singularity problem
» The cosmological constant problem

» The origin of space-time,
>

t = 15 billion years

Todayt,

Life on earth

T=3K (1meV)

Solar system

Quasars

Galaxy formation
Epach of gravita tonal callapse
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Recombination Astrophysical
Relic radiation decouples (CBR) Cosmology
Matter domination
Onset of gravitational ins tability
Particle
Nucleosynthesis
v t=1 second Cosmology

Light elements created - D, He, Li
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Quark-hadron transition
Hadrons form - protons & neutrons

Electroweak phase transition
Electomagnetic & weak nuclear

forces become differentiated:
SU3)xSU(2)xU(1) > SU(3)aU (1)

SU3), x SUQ), x U(1),

increasingly
;tharhcleDesert ) speculative
xions, supersymmetry? )

BSM physics

Grand unification transition
G > H - SU3JSU(2)xU(1)
Inflation, baryogenesis,
manopoles, cosmic sirings, etc.?
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The Planck epoch
The quantum gravity barrier



