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Comoving Scales
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® Horizon problem V(6)

® flatness problem ° :

® Magnetic monopole problem

® Slow rolling instead of tunnelling \/

® Slow roll parameter: o b reheating
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Models for inflation------ so many of them!

Experimentally valid inflation energy scale

A
Planck scale —1— 1019Ge\*"
GUTscale —+— 1010GeV
® Hubble constant today: .
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No EW baryogenesis below this —— 1()— l 4(;(?\"
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® Hubble constant stays CONSTANT during
inflation



What does inflation do with Colliders!?
e.g.Cosmological Collider Physics

1503.08043 by Nima Arkani-Hamed, Juan Maldacena
Quasi-Single Field Inflation and Non-Gaussianities
0911.3380 by Xingang Chen and YiWang

® New particles with masses comparable to
the Hubble scale produce a distinctive
signature on the non-gaussianities.



Gravitational waves from particle phase transition.
Direct Detection:Well-studied.  E witten 1984
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Thermal History of the Universe:

® Jemperature drop down to Gibbons-
Hawking temperature at the beginning of
the inflation: 7.y = H/(27)

® Energy density of the universe is very
high during inflation: the vacuum energy
from inflaton, Friedmann equation:

QY . Temperature
- 871G k X

H? = — —
3 P a?

reheating

EW Sca|e_____'____'_Oﬂét!Q_F?__F’_?_F_'_QS’ _____ /0 N

H scale |- .........................
EWPTa EWPTb EWPT Time




® EWPT: producing gravitational waves,
LISA, LIGO and Virgo, Tianqgin, Tai-
Chi(Standard, 107-4 Hz)

® EWPTa: gravitational waves, CMB (Our
work, 107-12 Hz)

® EWPTb: Baryogengesis



Particle phase transition at the beginning of the
inflation!?

Same temperature as the late Universe
Vacuum energy dominant vs Radiation dominant

Producing gravitational wave and density
fluctuation



Gravitational wave spectrum(@de sitter space

A T2
M

d>k 2 ( _ir_jir 2 i j
S 2 / ( 27‘_>3d7‘ a (’\,fj v; —k 7"j7'i>

® Second quantization:
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GW@de sitter space
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® Power spectrum by classical bubbles:
scale dependent.

® Primordial GW by vacuum fluctuation:
scale independent.



® Gravitational wave power spectrum from EW
phase transition:
(a + b)k?
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® Plug into the power spectrum:
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CMB spectrums:
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FIG. 5. Constraints of Planck2015+BICEP2/Keck data for
{P,';'"t, kerits keutofi/kcrit}. The one-parameter panels show
the parameter likelihood. In the two-parameter panels, dark
yellow and yellow are the marginalized 1o and 20 contours, re-
spectively. The colored points correspond to the benchmarks
defined in Fig. 3. The black, orange, purple dashed lines in

. 2
the left-bottom panel corresponds to (2222 )" — 1,10~ and
1078, respectively.
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Discussion

® How to have observable effect?

® Super-horizon size vs Sub-horizon
size bubbles

® Bubble nucleation
® First order PT phase transition

® Requiring certain range of inflation scales



Beyond:
Entanglement in CMB photons?

1701.03437
Jiunn-wei Chen, Shou-Huang Day, Debaprasad Maity SS, and Yun-Long Zhang
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CMB measurements

® Density fluctuation: frequency (WMAP,
Planck..)

® Polarization: BICEP2&Keck, Ali tibet,
POLARBEAR, SPIDER, etc.

® Any entanglement information in CMB?
1508.01082 cosmological Bell inequality by |. maldecena

® entangled massive modes



® Entanglement between different
polarization states for photons!?

® Possible sources:
® (Causally disconnected sky patches.
® Stretched by inflation.
® Connected by wormhole.
® Final decay product of some particles.

® Decay of Dark Matter candidates.



A detour to quantum physics: Hanbury, Brown
and Twiss (HBT) experiments :

coherent
light source

® |nterference strips:
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® Measure very small angles of astrophysical

objects
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® Entangled states: V1) = 75l @ la) + le) @ e2)],
|Y2) = % le1) @ |e2) — |e2) @ |e1)].

® With geometric phase:

Entangled fluctuations 1
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® Bell inequality measurements in HBT
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Signals and Noise

Tl‘( 47(1)TI‘ (HB’ITQ) |Dl,;| |DQB|
+Tr (T 472) Tr (Ilgmy) | Daa|?| Dy g|?
+Tr (U I p7e) DyaDop D, D7
+Tl'(:::_47!'2H37r1) IAD;BDQADIB-

® Polarizers:
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® Detected states, with a net polarization o;

= (24 20;) 7 (1 +2a4)|ns) (g | + |5, Y{(ng, |)

Q1 2 oS 20 An, €08 20Bn,

Ir(Ham) Tr(em2) = ==~ N0 + o)




Summary

® The NEW PT phase transition at the
beginning of the Universe.

® First order EWV phase transition !

® CMB B-mode can detect the phase
transition GW, from EW or GUT PT.

® Potential future CMB measurements:
Determine the Entanglement !...
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