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ACDM and alternatives

Observations based on ACDM :

The present fluid content of the universe

Qraa ~ 8 x 1075, QBAYOMC 004, QDK 023 Qu~0.72

mat

@ A - problem :

The big difference ~ 10'>3 between the particle theory and the
observations.

@ CDM - problem :

The simulations based on ACDM differ from the observations
at small scales.

Alternative scalar field models : X — ¢ and EBM — SFDM

@ Quintessence, k-essence models, etc.,
where it is assumed that ¢ = ¢(z).
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ACDM and alternatives

o BEC scalar field :
Based on the relativistic GP equation :

A
/:qb = _gw/augb* I/QS - m2‘¢|2 - §‘¢‘47 (1)

where it is naturally provided that ¢ = ¢(r).
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A mechanism for the formation of BEC scalar field in cosmology

An effective Minkowski space formulation

Aim : Formation of BEC scalar field in cosmology with particular
emphasis on its microscopic description in particle physics
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A mechanism for the formation of BEC scalar field in cosmology

An effective Minkowski space formulation

Aim : Formation of BEC scalar field in cosmology with particular
emphasis on its microscopic description in particle physics

The metric :
ds* = —dt* + d*(1)[dr* + r*(d6” + sin*0d¢’)) )

The action :

S= [ VR {00006+ 0ux0] — 6 — il —pdx) @)

' 1 T = 7 ~/ = ~ ~ ~2 ~ 72 ~
= [@aang (37 - (907 4 X - (VR - i F i - R @)

with the following expressions

_adar - _ , da . da , da . da
77 a(t)7 ¢_a¢7 X_aX7 a _d ’ - dt a _d?727 - dt27
2 2 a” 2 2 élz
L=ap, mi=ma ——=a (m, - = — 7> 5)
a a?

where the subscript i takes the values, i = ¢, x.
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A mechanism for the formation of BEC scalar field in cosmology

An effective Minkowski space formulation

Introducing an effective Minkowski formulation would be useful to
make use of the techniques and the relative simplicity of the usual
(flat) Minkowski space quantum field theory

@ We get rid of the contributions of gravitational particle production
to transition amplitudes so that we may more easily identify the
transition amplitudes that are directly due to particle physics
processes.

@ Calculation of transition amplitudes and cross sections are
easier.

@ Interpretation of the results are easier.
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A mechanism for the formation of BEC scalar field in cosmology

An effective Minkowski space formulation

Sx: xx—= ¢ In Ar=—_ with i, < ing.

ny Bov

The leading order contributions to the production of ¢ particles :

Figure 1. The leading order Feynman diagrams that may contribute to the production of ¢ particles.
Here §, = py — By = By — D2, G = Dy — Pg = Py — Pz are the 4-momenta carried in the internal lines.
Note that the s-channel is forbidden in this case by kinematies.
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A mechanism for the formation of BEC scalar field in cosmology

An effective Minkowski space formulation

Two conditions during each process yx — ¢¢ :

da* (m* —H—2H%)
At < dt

a(m? — H — 2H?)

n
<1 and ‘7“‘:|HA;\<<1 (6)

They are satisfied for a considerable range of parameters by letting H = £a ™.
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A mechanism for the formation of BEC scalar field in cosmology

An effective Minkowski space formulation

Two conditions during each process yx — ¢¢ :

da* (m* —H—2H%)
At < dt

a(m? — H — 2H?)

Ai?

,;}',12

n
<1 and ‘7“‘:|HA;\<<1 (6)

They are satisfied for a considerable range of parameters by letting H = £a ™.

The quantization of any field y during each yx — ¢¢ :

)

3~ = 1 - . =2 1
>~((i) (7 T]) ~ / d’p |:al()i)*gi(ﬁv?7w,(7)(W*Uf)) + [l/()l)+€l(*/>.r+h-lg)(n*ni))
7 (2m)2 2w,(,i)

where n; < n < m;41, (i) : ith time interval between the ith and (i 4 1)th processes.
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A mechanism for the formation of BEC scalar field in cosmology

An effective Minkowski space formulation

Two conditions during each process yx — ¢¢ :

da* (m* —H—2H%)
At < dt

a(m? — H — 2H?)

Ai?

,;}',12

n
<1 and ‘7“‘:|HA;\<<1 (6)

They are satisfied for a considerable range of parameters by letting H = £a ™.

The quantization of any field y during each yx — ¢¢ :

)

3~ = 1 - . =2 1
>~((i) (7 T]) ~ / d’p |:al()i)*gi(ﬁv?7w,(7)(W*Uf)) + [l/()l)+€l(*/>.r+h-lg)(n*ni))
7 (2m)2 2w,(,i)

where n; < n < m;41, (i) : ith time interval between the ith and (i 4 1)th processes.
By these requirements, we get the effective Minkowski space
ds* = —dn* + d3 + di3 + di3 (7)

during each process xx — ¢¢.
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A mechanism for the formation of BEC scalar field in cosmology

Realizing the condensation

In the center of mass frame : p? + /2, = k> + gy for each xx — ¢¢

= P —k2:a2(m§,—m2). (8)
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A mechanism for the formation of BEC scalar field in cosmology

Realizing the condensation

In the center of mass frame : p? + i, = 24 gy for each xx — ¢¢
= D —k2:a2(m§)—m2). (8)

Note that [p| = a|p| x al = constant :

(i) For a process xx — ¢¢ in At;, a; :constant
(ii) For another process xx — ¢¢ in A, > Ar, ap :constant > a
(iii) So on...

— For a given |p|, || — 0 by increasement of a(r)

= The curved space effect on condensation is provided by
increasement of a(t)
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A mechanism for the formation of BEC scalar field in cosmology

Realizing the condensation

The evolution of the distribution function for ¢ particles :

df(];;hn)_ 1 ) (s ~ -~ =2
n —32(%)5&///5 (P1 + P2 —P3 — pa) M|

. - " . - - B35 B B
x R0+ 1) (1 +F) —FR(+ R0+ Ry S S SR
1 2 3

)
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A mechanism for the formation of BEC scalar field in cosmology

Realizing the condensation

The evolution of the distribution function for ¢ particles :

df(]ihn)_ 1 ) (s ~ -~ =2
n —32(%)5&///5 (P1 + P2 —P3 — pa) M|

. N N 3:‘ 3? 3:’
X BB+~ R+ R0+ 2R,
1 2 3

9
Our assumptions :

@ We consider initial times of xx — ¢¢ =
fDpi,m) ~0 with j=34.

© 0< [Flmn = (/2 — i < || < Plmax = \/Ras + 72, — 2.
The spatial distributions of x particles in this range are homogeneous
and isotropic. 7i, () = fd‘*iaf(")(;, n) :
[©(|plmax — [Plmin) = ©(|B|min — |5|max)]
47 (|Plmax — [Plmin) |5

* [O(7] = Plmin) — O] = Plmax)]  with j=1,2,
(10)

= J?(')(ﬁ/ﬂ]) 2ﬁX
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— |ps/ - 0 = Coherence and Correlation (\ > n; /%)

o & = = E DAl
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A mechanism for the formation of BEC scalar field in cosmology

Realizing the condensation

The curved space effect on the number density n4 :
Using = [fd’p and fO(p,n) ~0 with j=3,4 inthe Eq.(9), we get

D) _ G i, (11)
dn
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Realizing the condensation

The curved space effect on the number density n4 :
Using = [fd’p and fO(p,n) ~0 with j=3,4 inthe Eq.(9), we get

D) _ a5 g, (11)
dn
Since i =d'm, &=ooa ', [Fl=v, m()=%2, H=¢t ", weget
C, o~ Cioovo  |s—2j 1 (@ e f 5
= 1= (5) ] erem2ee e
c, ~ G189 2ty (@ - for s—2<0
ex e = (5) ] orem2co 09

At initial times C, reaches higher values with the increasement of a for s < 2
and it grows faster for s > 2 = Macroscopic nature of BEC is realized.
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Conclusion

@ Effective Minkowski space formulation seems to be useful
formalism to study particle physics processes in curved
space-time provided that some conditions are satisfied, e.g. in
the study of BEC for FRW metric.

@ By using the effective Minkowski space formulation we have
shown that curved space effects for FRW metric promote the
formation of BEC scalar field in some simple models.

@ A separate study is needed when f0)(p;,7) #0 with j=3,4.
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Thank you

Kemal Giltekin

For more details :

R. Erdem and K. Giiltekin,

A mechanism for formation of Bose-Einstein condensation
in cosmology, arXiv :1908.08784 [gr-qc]

(JCAP 10 (2019), 061)
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