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Part Il: Why might A be small here and now?

¢ Possibility 1: Some part of fundamental physics + cosmic dynamics imply that
almost all times and places have a small vacuum energy, So no surprise.

* Possibility 2: spacetime regions with small-A are ‘rare’, but we are in one
nonetheless.

¢ Plan:
* How do we have an ensemble of different A-regions?

* How might we compute the ‘expected’ \?
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Simple (but naive?) picture of Inflation

ig, flat, uniform, “FRW” region

__Inflation

=~ Cuwed; inhomogeneous, Page 14/123
anistropic region




]H s

More accurate: everlasting or “eternal” inflation

An “inflationary sea”

with “Bubble” or “pocket”
universes
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Fternal inflation

Inflating bulk perdures:

Nucleation rate/4-volume

Inflating fraction:

4’J’T(YL — f{])
fiﬂf — €XP {_)\ 3H3 }

Inflating volume: Available 4-volume

Vint X exp(3HE) fins ox exp|(3 — 4??/\/3H3)Ht]

Grows exponentially for small A!
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The inflationary multiverse

» Nothing added with just two vacua. But what if there are many?
» String theory “landscape”

» Note: many other things vary as well, including inflationary predictions.

Pirsa: 07050038 Page 23/123



. 2 ' L i - ! L : = L £ L L Al .




The inflationary multiverse

» Nothing added with just two vacua. But what if there are many?
¢ String theory “landscape”
» Note: many other things vary as well, including inflationary predictions.
» Also “smoothly” varying field-mediated A, other constants
® e.g., very light quintessence.
® AXiON Eaxion = & sin” g, 0<f<n

e Opportunity: low A in there somewhere?
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The inflationary multiverse

» Nothing added with just two vacua. But what if there are many?
» String theory “landscape”
» Note: many other things vary as well, including inflationary predictions.
» Also “smoothly” varying field-mediated A, other constants
* e.g., very light quintessence.
® AXION Eaxion = & sin” g, 0<f<m
® Opportunity: low A in there somewhere?

* Where are we? i.e., which “universe” do we compare to our observations?
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What question do we want to ask 7

| AReyeires ol iRe-onsenables vl ve obseasa’

* More well posed: given that | am a randomly
chosen X, what will | observe”? (see A & Tegmark;

Bostrom; Hartle)

* What values would be observed in a randomly
chosen universe?

= What values would be seen from a random point
in space?

e What values would be seen by a random
observer?
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What question do we want to ask “

e e e e R

* More well posed: given that | am a randomly
chosen X, what will | observe? (see AA & Tegmark;

Bostrom; Hartle)

* What values would be observed in a randomly
chosen universe?

» What values would be seen from a random point
in space?

e What values would be seen by a random
observer?

* Then: assume that our observations are like
those of a typical X.
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What question do we want to ask “

e L = EEE R

* More well posed: given that | am a randomly
chosen X, what will | observe? (see AA & Tegmark;

Bostrom; Hartle)

e What values would be observed in a randomly
chosen universe?

= What values would be seen from a random point
in space?

e What values would be seen by a random
observer?
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What question do we want to ask “

e e e =)

* More well posed: given that | am a randomly
chosen X, what will | observe? (see Aa & Tegmark;

Bostrom; Hartle)

e What values would be observed in a randomly
chosen universe?

» What values would be seen from a random point
in space”?

e What values would be seen by a random
observer?
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What question do we want to ask ?

* More well posed: given that | am a randomly
chosen X, what will | observe? (see A & Tegmark;

Bostrom; Hartle)

¢ What values would be observed in a randomly
chosen universe?

» What values would be seen from a random point
in space”?

e What values would be seen by a random
observer?
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What question do we want to ask “

e e e

* More well posed: given that | am a randomly
chosen X, what will | observe? (see A & Tegmark;

Bostrom; Hartle)

e \What values would be observed in a randomly
chosen universe?

e What values would be seen from a random point
in space”?

e What values would be seen by a random | i
observer?
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What question do we want to ask 7

I = e e e

* More well posed: given that | am a randomly
chosen X, what will | observe? (see aa & Tegmark;

Bostrom; Hartle)

e What values would be observed in a randomly
chosen universe?

» What values would be seen from a random point
in space”?

e \What values would be seen by a random
observer?
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What question do we want to ask ?

. Mara mll posed: given that | am a randoml
osen X, what will | observe? (see AA & Tegmark;

» What values would be observed in a randomly
chosen universe?

» What values w
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What question do we want to ask “

I

* More well posed: given that | am a randomly
chosen X, what will | observe”? (see AA & Tegmark:
Bostrom; Hartle)

e What values would be observed in a randomly
chosen universe?

» What values would be seen from a random point
in space?

e \What values would be seen by a random
observer?
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What question do we want to ask ?

* More well posed: given that | am a randomly
chosen X, what will | observe? (see Aa & Tegmark;

Bostrom: Hartle)

e What values would be observed in a randomly
chosen universe?

= What values would be seen from a random point
in space”?

e \What values would be seen by a random
observer?
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What question do we want to ask “

e e

* More well posed: given that | am a randomly
chosen X, what will | observe? (see AA & Tegmark;
Bostrom:; Hartle)

# observers just like us, who have
measured what we have

# observers just like us

: # of galaxies like ours
» Spectrum of choices:

# of stars or galaxies
e | east conditioning (‘dynamical solution’)

# of collapsed baryons
¢ Most conditioning (‘Anthropic’ and related

: # of baryons
solutions)

volume

# of “universes” ar
bubbles
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What question do we want to ask “

B e e S et =T

* More well posed: given that | am a randomly
chosen X, what will | observe? (see Aa & Tegmark;
Bostrom; Hartle)

# observers just like us, who have
measured what we have

# observers just like us

; # of galaxies like ours
e Spectrum of choices:

# of stars or galaxies
e | east conditioning (‘dynamical solution’)
- ‘ _ _ # of collapsed baryons
e Most conditioning (‘Anthropic’ and related

: . # of baryons
solutions)

volume

¢ No X-choice is without problems of
principle.

# of “universes” ar
bubbles
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What question do we want to ask 7

e e e e

* More well posed: given that | am a randomly
chosen X, what will | observe? (see A & Tegmark;
Bostrom; Hartle)

# observers just like us, who have
measured what we have

# cbservers just like us

# of galaxies like ours

* Spectrum of choices:
# of stars or galaxies

e | east conditioning (‘dynamical solution’)

_ _ _ # of collapsed baryons
e Most conditioning (‘Anthropic’ and related

- # of baryons
solutions)

volume

e No X-choice is without problems of
principle.

# of “universes” or
bubbles

e The choice matters (e.g. AA & Tegmark 05).
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How might we compute px(o) ?




How might we compute px(o) ?

1.Choose X (e.g. “observer”: proxied by a stable solar mass, solar metallicity star)




How might we compute px(o) ?

1.Choose X (e.qg. “observer”: proxied by a stable solar mass, solar metallicity star)

2.Choose p for which pp(o;) might be calculated using inflationary dynamics (e.g.,
a cm? of physical volume at the time of reheating)




How might we compute px(o) ?

1.Choose X (e.g. “observer”: proxied by a stable solar mass, solar metallicity star.)

2.Choose p for which pp(0;) might be caiculated using inflationary dynamics (e.q.,
a cm? of physical volume at the time of reheating)

3. If p # X, then calculate number of Xs per p: n«p(0j) (e.g. the number of solar-mass,
solar-metallicity stars per cm?)




How might we compute px(o) ?

1.Choose X (e.qg. “observer”: proxied by a stable solar mass, solar metallicity star)

2.Choose p for which pp(0;) might be calculated using inflationary dynamics (e.q.,
a cm? of physical volume at the time of reheating)

3. If p # X, then calculate number of Xs per p: n«p(0j) (e.g. the number of solar-mass,
solar-metallicity stars per cm?)

4. Then px(0j)= Pp(0)) X Nxp(0)













Case study: the Weinberg/Vilenkin A argument.

® Assume:
= p=baryon, and pe(/\) = const.
» Only A varies: Q (pert. amplitude) and € (matter/photon ratio) etc. fixed.
* X=galaxy of 1072 M«
* Then:
» Exponential cutoff in A/E4Q3

» For observed €, Q, find px(A) peaks at (few) ~ Aobs.
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Case study: the Weinberg/Vilenkin A argument.

® Assume:
= p=baryon, and pp(/\) = const.
» Only A varies: Q (pert. amplitude) and € (matter/photon ratio) etc. fixed.
* X=galaxy of 1072 M«
® Then:
» Exponential cutoff in A/E*Q3
» For observed €, Q, find px(A) peaks at (few) ~ Aobs.

* Weinberg & company on this basis predicted a small but nonzero A
before it was observed.
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How do we count ‘p’s to get pp(0i)?

* Bad news: regularization required.
* Infinitely many bubbles.
» Each is spatially infinite inside.
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How do we count ‘p’s to get pp(0i)?

* Bad news: regularization required.
* Infinitely many bubbles.
» Each is spatially infinite inside.

13890479 1.
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How do we count ‘p’s to get pp(0i)?

* Bad news: regularization required.
* Infinitely many bubbles.
» Each is spatially infinite inside.
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How do we count ‘p’s to get pp(0i)?

* Bad news: regularization required.
* Infinitely many bubbles.
» Each is spatially infinite inside.
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How do we count ‘p’s to get pp(0i)?

* Bad news: regularization required.
 Infinitely many bubbles.
» Each is spatially infinite inside.

13579 11.
Frrrl
135713 17...
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How do we calculate pp(0))?

* Bad news: regularization required.
s Infinitely many bubbles.
» Each is spatially infinite inside.

* Yel: we can put sensible-seeming
measures on huge but finite regions of
the spacetime, which converge; surely
these mean something?
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How do we calculate pp(0))?

* Bad news: regularization required.
» |Infinitely many bubbles.
» Each is spatially infinite inside.

* Yei: we can put sensible-seeming
measures on huge but finite regions of
the spacetime, which converge; surely
these mean something?

e But: many choices (see recent reviews by
Vilenkin: AA, Gratton & Johnson; Winitszki; Linde)
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How do we calculate pp(0))?

* Method 1: Count physical* or
comoving® volume, or volume
created™.

* e.g., Linde, Linde & Mezhlumian 94; Guth 00; Tegmark Of
*e.g., Garriga & Vilenkin 01
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How do we calculate pp(0))?

¢ Method 1: Count physical* or
comoving® volume, or volume
created™.

* Ingredients:

e Geodesics congruence, equal time
surfaces.

*e.g., Linde, Linde & Mezhlumian 94; Guth 00; Tegmark 0*
*e.g., Garriga & Vilenkin 01
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How do we calculate pp(0))?

s Method 1: Count physical* or
comoving® volume, or volume
created™.

* |ngredients:

e Geodesics congruence, equal time
surfaces.

* Rate equations:
df™ _ Z b Z N M
dt o '

IE M

* e.g., Linde, Linde & Mezhlumian 94; Guth 00; Tegmark 0!
*e.g., Garriga & Vilenkin 01
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How do we calculate pp(0))?

* Method 1: Count physical”* or ty
comoving® volume, or volume
created™.
e |Ingredients:
e Geodesics congruence, equal time
surfaces.
e Rate equations: t
@ _ Z —!‘EF fi\" s Z m:"\-r__ffl.rf N
B e =N Sl +3HN f
I Py
e |nitial conditions.

o

* e.g., Linde, Linde & Mezhlumian 94; Guth 00; Tegmark 0¢
Fe.g., Garriga & Vilenkin 01
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How do we calculate pp(0))?

s Method 1: Count physical* or f
comoving® volume, or volume
created™.

e |ngredients:

* Geodesics congruence, equal time
surfaces.

e Rate equations: t1

af” - -

— ¥ Nl Y S Y
P 1% §

e |nitial conditions.

e |ssues:

* e.g., Linde, Linde & Mezhlumian 84; Guth 00; Tegmark 0!
*e.g., Garriga & Vilenkin 01
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How do we calculate pp(0))?

* Method 1: Count physical* or 2
comoving® volume, or volume
created™.

e |ngredients:

e Geodesics congruence, equal time
surfaces.

e Rate equations: t

di N N
dt =2 ' nf +Z”Mf +3HnN f

F A
e |nitial conditions.

e |ssues:

o Gauge-dependent

* e.g., Linde, Linde & Mezhlumian 94; Guth 00; Tegmark 0f
fe.g., Garriga & Vilenkin 01
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How do we calculate pp(0))?

* Method 1: Count physical” or t
comoving® volume, or volume |
created™.

e |ngredients:

e Geodesics congruence, equal time
surfaces.

* Rate equations: t1

df v : _ < J
% =3 N+ Y w3y Y
s

A

e |nitial conditions.

e |ssues:
o Gauge-dependent
e Some versions® give clearly wrong * e.g., Linde, Linde & Mezhlumian 94; Guth 00; Tegmark 0

answers (but others™ may not). 'eg., Gariga & Vilenkin 01 |
B 17050038 * g.9., Garcia-Bellido & Linde 95; Linde 06 &l 701123



How do we calculate pp(0))?

e Method 2: Count numbers of
bubbles.”
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How do we calculate pp(0))?

e Method 2: Count numbers of
bubbles.”

e |dea: count “shadows” on future
infinity, or on initial surface.
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How do we calculate pp(0))?

e Method 2: Count numbers of
bubbles.”

e |dea: count “shadows” on future
infinity, or on initial surface.

o Method:

e Count comoving volume.

Pirsa:; 07050038 = Gﬂfﬂgﬂ, SChWQTTZ—PEﬂDV, Vilenkin & Wlnltam 36,



How do we calculate pp(0))?

e Method 2: Count numbers of
bubbles.”

» |dea: count “shadows” on future
infinity, or on initial surface.

* Method:
e Count comoving volume.

e Divide by bubble size for
abundance.
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How do we calculate pp(0))?

e Method 2: Count numbers of
bubbles.”

e |dea: count “shadows” on future
infinity, or on initial surface.

* Method:
e Count comoving volume.

e Divide by bubble size for
abundance.

e Regularize with time cutoff(s).

e |ssues:
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How do we calculate pp(0))?

e Method 2: Count numbers of
bubbles.”

e |dea: count “shadows” on future
infinity, or on initial surface.

» Method:
e Count comoving volume.

e Divide by bubble size for
abundance.

e Regularize with time cutofi(s).
e |ssues:

o | ess “physical”.

¢ |ssues with upward-transitions.
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How do we calculate pp(0))?

e Method 2: Count numbers of
bubbles.”

e |dea: count “shadows” on future
infinity, or on initial surface.

» Method:
e Count comoving volume.

e Divide by bubble size for
abundance.

e Regularize with time cutofi(s).
e |ssues:

o | ess “physical”.

® |ssues with upward-transitions.
e “Nice” predictions unclear

Pirsa: 07050038 * Garriga, Schwartz-Perlov. Vilenkin & Winitsgki 96;



How do we calculate pp(0))?

s Method 3: Count time spent”, or
bubble entries®, along a worldline.™

* e.g., Vanchurin & Vilenkin 06
T Easther, Lim & Martin 06: Bousso 06
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How do we calculate pp(0))?

e Method 3: Count time spent”, or
bubble entries’, along a worldline.™

o Method:

e Calculate “branching ratios”

* e.g., Vanchurin & Vilenkin 06
* Easther, Lim & Martin 06: Bousso 06
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How do we calculate pp(0))?

¢ Method 3: Count time spent”, or
bubble entries®, along a worldline.™

e Method:
e Calculate “branching ratios”

s Add prob. for all paths into given
vacuum.

* e.g., Vanchurin & Vilenkin 06
T Fasther, Lim & Martin 06; Bousso 06
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How do we calculate pp(0))?

* Method 3: Count time spent®, or
bubble entries®, along a worldline.™

e Method:

e Calculate “branching ratios”

* Add prob. for all paths into given
vacuum.

e Regularize if necessary.
® [ssues:

e Depends upon initial conditions in
most cases.

* e.g., Vanchurin & Vilenkin 06
* Easther, Lim & Martin 06; Bousso 06
Pirsa: 07050038 e SEeE aISD Vﬂnﬂhmn 06 Page 81/123



How do we calculate pp(0))?

* Which is “correct”? How might we
choose? Unclear!
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How do we calculate pp(0))?

= Which is “correct”? How might we
choose? Unclear!
» But: many turn out to be the same!

» e.g., Worldline transition frequency
measure from comoving volume.

* e.g., Shadow-counting from worldline
entries.
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How do we calculate pp(0))?

* Which is “correct”? How might we
choose? Unclear!
» But: many turn out to be the samel!

» e.g., Worldline transition frequency
measure from comoving volume.

* e.g., Shadow-counting from worldline
entries.

* Perhaps we are running out of ideas?
(or not: ideas areN,)
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How do we count ‘X’'s to compute ny p(0j)

e Suppose X = stable star w/solar
metallicity.

* Good news: It's hard, but we can hope
to do this (for cosmological

parameters).

PA Dark energy density (1.25 +0.25) x 10—133
b Baryon mass per photon py /1y (0.50 =0.03) x 10=2%
£c Cold dark matter mass per photon p; /ny (2.5+0.2) x10-3®
&y Neutrino mass per photon py/ny =-f'12mp, <09 x 102
o Scalar fluctuation amplitude § on horizon  (2.0+£0.2) x 10—8
g Scalar spectral index 0.98 £0.02
a7 Running of spectral index dns/dInk |e] < 0.01
r Tensor-to-scalar ratio (Qt /Q ) <036
g Tensor spectral index Unconstrained
w Dark energy equation of state —1+0.1

PEs RO n Dimensionless spatial curvature k/a?T? [85] |«| = 1058 88/123




Gy
G-
Gu

Muon Yukawa coupling
Tauon Yukawa coupling

0.000607
0.0102156233

Up quark Yukawa coupling
Down quark Yukawa coupling

How do we count ‘X’sto computems sfo)

e Suppose X = stable star w/sefar

metallicity.

* Good news: It's hard, but

\Tﬁcﬁaﬂ
to do this (for cosmological“ -

parameters).

Pirsa: 07050038

0.000016 £ 0.000007
0.00003 + 0.00002

0.0072 £+ 0.0006
0.0006 £ 0.0002

& qirark € 1.0024+0020
G Bottom guark Yukawa coupling 0.026 £ 0.003

Quark CKM matrix angle 0.2243 £ 0.0016
sin fa3 Quark CKM matrix angle 0.0413 4+ 0.0015
sin f13 Quark CKM matrix angle 0.0037 4 0.0005
d13 &&rk CKM matrix phase LO5+0.24

lating QCD vacuum phase < 10—9

Electron neutrino Yukawa coupling < LT w102
Gy, Muon neutrino Yukawa coupling < LEx10S
Gy, Tau neutrino Yukawa coupling < 0.10
sin 8], Neutrino MNS matrix angle 0.55 = 0.06
sin26,, |Neutrino MNS matrix angle >0.94
sin @}, Neutrino MNS matrix angle <0.22

e Neutrino MNS matrix phase ?

PA Dark energy density (1.25 +0.25) x 10123
&b Baryon mass per photon py, /1 (0.50 +0.03) x 10—28
£c Cold dark matter mass per photon pc /n+y (2.5 +£0.2) x 10-3®
£ Neutrino mass per photon py/ny = 'iET ¥ me, < 0.9 10728
Q Scalar fluctuation amplitude § on horizon  (2.0+£0.2) x 10—8
g Scalar spectral index 0.98 £0.02
On Running of spectral index dns/dink || < 0.01
” Tensor-to-scalar ratio (Qt /Q )P < 0.36
ng Tensor spectral index Unconstrained
w Dark energy equation of state —-1+0.1
K Dimensionless spatial curvature k/a?T? [85] sl < 1()-F8Ge 89/123













Computing nx (o))

e Suppose X = stable star w/solar
met&”!CIty Velocity v _/c

lﬂ el [0 S Uil L T lﬂ"" 10~ 10" T g Lol
1w

» Good news: It's hard, but we can hope MM% __

to do this (for cosmological
parameters).

» First step (Tegmark et al. 06): let F=fraction
of dark matter collapsed into halos
above virial temperature Ty

A L Ty 13
(‘-—.h‘- Q )
3/2 —1/2
avl/ : " ﬂv1
(18T [(fawpﬂ) ( ERESEF ) ]

3
B MpNyiy  Lyir (32) _. _
SI 53{95 r?.{- m-lﬂ';'!ﬂﬂﬂ"in*aﬂ"iﬂ" -t LUk b f 1L g '!I D" WW!D“ L | L 1 lﬂ"]ﬂ"‘tr‘iﬂ“!ﬂ-ll}"ﬂ'ﬂ"'
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W T S W TRV (NN TRasy;

Gas density n,, [protons/m?]

F = oaiv

Temperature T,, [K]



Computing nx,(0)

e Suppose X = stable star w/solar
metallicity.

* Good news: It's hard, but we can hope
to do this (for cosmological

* First step (Tegmark et al. 06): let F=fraction

of dark matter collapsed into halos
above virial temperature Ty

1/3

A (s857)
_(IB_TrZ.)_lﬂ?-S [(E‘;ﬁ)iﬂ? (%)—uz] -

Impﬂvi!' Tvir' —
_ B(ME@,%Q), (32)

F = orfe

kg m )
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Computing nx (o))

¢ Suppose X = stable star w/solar -
Veloeity v, /e
meta“lcnty_ W_W'" H-rchier DorY CBaeT I 1pee Dee ]D“ lll}l"" 192 :I.ﬂ'

* Good news: It's hard, but we can hope
to do this (for cosmological
parameters).

* Second step: try to convert halos into

S (T
galaxies with stars. Note:

!ll'l’lllll’lllilﬁ'ﬂ
TTFNeARTRTAFETETTE ..

o [, fﬂﬁJ'lxl"ff"f'ﬂ"lllﬂi
W iEndfc SR ORNNENRR NEENNEN
-l’t..‘J’lm’fllll’ll’!lllllllll’ll.ﬂf- ¥

Gas density n, [protons/m?]

SR ERTRR RS TERTL SN IARIAE, Ll d Ll L L]

-
OO s g WP T A D 000D | BE0 10 BER EDY 10 10N HOF 108§ BDM LY £ DR EQT 10 1M LI DT 0 D]

Pirsa: 07050038 Temperature T, [K] page 95123



Computing nx p(0;)

e Suppose X = stable star w/solar
metallicity.

* Good news: It's hard, but we can hope

to do this (for cosmological - 120 @
parameters). o
* Second step: try to convert halos into %;
galaxies with stars. Note: .
—130

lg p,

FIG. T: The fraction of all protons that endpy bt palos wit
density in the range pmin < pvir < pmax is shown as a functio
of the cosmological parameters pa and p. = Q%% The cm
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Computing nx (o))

Veloeity v, /e
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Computing nx,p(0))

e Suppose X = stable star w/solar
metallicity.

* Good news: It's hard, but we can hope
to do this (for cosmological
parameters).

* Second step: try to convert halos into
galaxies with stars. Note:

lg p,

FIG. T: The fraction of all protons that endpyg b palos wit
density in the range pmin < pvir < pmax is shown as a functic
of the cosmological parameters ga and pe = @34 The com
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Computing nx »(0;)

Veloeity v, /e
10' B0 10 10" P07 10 i‘ﬂ"“ ]U"‘ it s tongl [ e

Gas density n, [protons/m?]

il ;nﬂnﬂﬂnﬂum ?ll’l’l
VTN TR TR T
i, :ﬂﬂu - 17y ;

A,
G if"'ffffﬂ!’llﬂ'l‘ 73 l'l‘i'
e ll!'l’llll!f!fllll 2 B T
e 'fﬂ'.l*l'lﬂ’ﬂ £y

- V111719
e iIiIII1111]
A ITENOTINATRTOTNNE
ST IR
o I FTEFESTREERRETRANER 150
!l'l’.l’l’ll’l.l’.l’lll’.l'lllifl.l’lfl&'"
8 7770 T dN0 RN ROy,
N\ S o BE S NN ENDI FARRHBL
el RS S ST F L T FELT L] [ A
mn.,:rﬂnnnnnﬂnu

! l'.l’fa!..l’lﬂﬂll’llllll’l.llll’flg
SHIEG s JE =T BTNEN fllllll.l’lb’

FENERSERNE

e TaEsN;
FRIREENERES
WFNFyNERT,
LIS
FEFERERENE,
CEINRONNER)

WFTFENI,

N1
S I
1111171111

11111111111

pLEL L ErEEf

WETTTNTENES

TN Tlve i,

WL i

[ T
LS TG

. [T/
e : A Hffl"’l’f’fr i,
o ORTE IR REINE SIS EONR PR BN

I-I-"HIJ"IIII‘!.I]"" - Toa g T g Vi ol R R - B I:' 107 10 301 104 0 LR 10IE E0F EOT {08 QM) 0T O 0]

Pirsa: 07050038 Temperature T, [K] page 100123






Computing nx.(0j)

e Suppose X = stable star w/solar
metallicity.

* Good news: It's hard, but we can hope

to do this (for cosmological ~120 @
parameters). )
* Second step: try to convert halos into i
galaxies with stars. Note: .
—130

lg py

FIG. 7: The fraction of all protons that ench g b pfslos wit
density in the range pmin < pvir < pmax is shown as a funetio
of the cosmological parameters pa and pe = Q%4 The cm
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Computing nxp(0))

e Suppose X = stable star w/solar
metallicity.

* Good news: It's hard, but we can hope

to do this (for cosmological -120
parameters). )
* Second step: try to convert halos into E
galaxies with stars. Note: -
—130
= Cutoff at high A from structure

suppression.

lg py

FIG. 7: The fraction of all protons that ench g o feslos wit
density in the range pmin < pvir < pPmax is shown as a functic
of the cosmological parameters pa and p. = @3%*. The cm
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Computing nxp(0))

e Suppose X = stable star w/solar
metallicity.

* Good news: It's hard, but we can hope
to do this (for cosmological -120 §
parameters).

» Second step: try to convert halos into
galaxies with stars. Note:

lg Q%"

—1308

e Cutoff at high A from structure
suppression.

* Cutoffs at high density (encounters)
and low density (cooling), but soft.

=130 —120

lg py

FIG. 7: The fraction of all protons that en@a&g:iongalm wit
density in the range pmin < pvir < pmax is shown as a functic
of the cosmological parameters pa and p. = Q%?* The cm
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Issues in computing Nx p(0;)

* Bad news: Many regions of parameters space may support Xs:

» Degeneracies exist in cosmological parameters:

Alpa/p)*"?
G(z)s(p)

Pl o) — et [ ] =

* Qualitatively new physics can change simple reasoning, e.g.
* “Cold Big-Bang” (AA 01)

* “Weakless universe” (Harnik et al. 06)
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Issues in computing Nx p(0;)

» Bad news: Many regions of parameters space may support Xs:

» Degeneracies exist in cosmological parameters:

= Aloa/p)'? —
F(u,x) = erfc [ AETT ] . g=Lr

* Qualitatively new physics can change simple reasoning, e.g.
* “Cold Big-Bang” (AA 01)
* “Weakless universe” (Harnik et al. 06)

* Thus, even successful prediction may not survive when additional
parameters are allowed to vary.
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Issues in computing nNx p(0j)

» Bad news: Many regions of parameters space may support Xs:

» Degeneracies exist in cosmological parameters:

Apa/p)'"?
G(x)s(p)

Pl ) — ek [ ] =R

» Qualitatively new physics can change simple reasoning, e.g.
* “Cold Big-Bang” (AA 01)
» “Weakless universe” (Harnik et al. 06)

» Thus, even successful prediction may not survive when additional
parameters are allowed to vary.

» E.g., Weinberg argument falls apart if pp for €*Q3 is rising.

Pirsa: 07050038 Page 110/123









Pirsa: 07050038 Page 113/123



Pirsa: 07050038 Page 114/123



Pirsa: 07050038 Page 115/123



Pirsa: 07050038 Page 116/123



Pirsa: 07050038 Page 117/123



Pirsa: 07050038 Page 118/123



Pirsa: 07050038 Page 119/123



Pirsa: 07050038 Page 120/123



Pirsa: 07050038 Page 121/123



Pirsa: 07050038 Page 122/123



Pirsa: 07050038 Page 123/123



