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STANDARD MODEL OF COSMOLOGY

Galaxies trace the expansion of cosmic spacetime, described by
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STANDARD MODEL OF COSMOLOGY

Galaxies trace the expansion of cosmic spacetime, described by
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STANDARD MODEL OF COSMOLOGY

Friedman Equations

d/a =H= HO\/Qr OCL_4 + Qm OCL_3 a4 Qk,ga_Q T QA70

—da/a® q—l/QZQ L+ 3w;), w; =pi/pi

Components of the Universe: ; = p;/perit With > Q; + Qp =1
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STANDARD MODEL OF COSMOLOGY

Friedman Equations

d/a =H= HO\/Qr OCL_4 + Qm OCL_3 a4 Qk,ga_Q T QA70

—da/a® q—l/QZQ L+ 3w;), w; =pi/pi

Components of the Universe: ; = p;/perit With > Q; + Qp =1

@ Radiation p, oc a=*

e Matter p,, < a >

e Curvature p; < a2

@ Cosmological constant p o< a” = const.
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STANDARD MODEL OF COSMOLOGY

Friedman Equations

d/a =H = HO\/Qr OCL_4 + Qm OCL_3 + Qk,OCL_Q + QA70

—da/a® q—l/QZQ L+ 3w;), w; =pi/pi

Components of the Universe: ; = p;/perit With > Q; + Qp =1

@ Radiation p, oc a=*

@ Matter p,,, o< a3

e Curvature p; < a2

@ Cosmological constant p o< a” = const.
Equation of state:

o Radiation w, = 1/3

@ Matter w,, =0

o Curvature wy, = —1/3

@ Cosmological constant wy = —1
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SUPERNOVAE AS STANDARD CANDLES

ABSOLUTE MAGNITUDE
(BRIGHTNESS)
7

SCALED MAGNITUDE
(BRIGHTNESS)
r 4
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Luminosity Distance

VL/ATF = Di(z) = A+ (HO\/TM/O ﬁ dz')

Ho\/—Q 0

Redshifts z = 1/a — 1 from spectra of host galaxies
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SUPERNOVAE AS STANDARD CANDLES

Distance Modulus: apparent vs. absolute magnitude

g = m(F)— M(L) = 5log, (ﬁ;?) +25
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SUPERNOVAE AS STANDARD CANDLES

Distance Modulus: apparent vs. absolute magnitude

g = m(F)— M(L) = 5log, <lﬁéz)> +25

2

H

N exact 4
— = 30bins

Qu

Betoule et al. 2014
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CMB AS STANDARD RULER

Baryon acoustic oscillations (BAO) due to sound horizon 5 ~ 150 Mpc of
primordial plasma at z ~ 1100 with apparent angular size 0, ~ 1°

Angular Diameter Distance
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CMB AS STANDARD RULER

Baryon acoustic oscillations (BAO) due to sound horizon 5 ~ 150 Mpc of
primordial plasma at z ~ 1100 with apparent angular size 0, ~ 1°

Angular Diameter Distance
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LARGE-SCALE STRUCTURE (LSS)
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LSS AS STANDARD RULER

Evolution of dark energy: w(z) = wg + w, =

Supernova Cosmology Project
5 S_yzuki, etal., Ap.J. (2011)
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Cosmic VoIbs

CosMmic WEB

U/PdN 8

Aragon-Calvo, Szalay (2013)



OUTLINE INTRODUCTION SUPERNOVAE CosMIC MICROWAVE BACKGROUND LARGE-SCALE STRUCTURE Cosmic VoIbs CONCLUSIONS

CosMIC VOIDS AS STANDARD SPHERES

Neyrinck (2008) Sutter, Lavaux, Wandelt, Weinberg (2012)
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OBSERVED CosMIC VOIDS (SDSS)
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ALCOCK-PACZYNSKI TEST

Perform Alcock-Paczynski test to constrain cosmological parameters:

@ Angular separation dr; = Dy(z) 66
e Radial separation ory =cH '(2) 6z

8r=D,80 5r ={c/H)5z

Observer
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ALCOCK-PACZYNSKI TEST

Perform Alcock-Paczynski test to constrain cosmological parameters:

@ Angular separation dr; = Dy(z) 66
e Radial separation ory =cH '(2) 6z

8r=D,80 5r ={c/H)5z

Observer

Any deviation from the fiducial cosmology causes geometric distortions. =
Determine ellipticity € via
oo ﬂ B qurue(z)Htrue(z)
ory Did(2) Hfid ()
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CosMiIcC VOIDS IN REDSHIFT SPACE

Peculiar motions of galaxies cause redshift-space distortions:

f=r+vH '(2)

(100

= | toline of sight:
Pancakes of God from linear
growth

"> || to line of sight: Fingers of God
from nonlinear collapse

- Galaxy correlation function no
longer isotropic, what about
voids?

SeRRT
Melott et al. (1998)
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MODEL
Void-galaxy cross-correlation function in redshift space:
¢ #) — 3, _ Pv (T)
14+ &g(f) = [ P(v,r)[1 4 &ylr)] dPv= [ P(y,1) 5 dvj
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MODEL
Void-galaxy cross-correlation function in redshift space:
¢ #) — 3, _ Pv (T)
14+ &g(f) = [ P(v,r)[1 4 &ylr)] dPv= [ P(y,1) 5 dvj

. . . . . . . . r
Assume a Gaussian pairwise velocity distribution with mean vv(r)%

1
Pl) = e [

Density profile:

pelr) ) s L s
S L=t e = (%)
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MODEL
Void-galaxy cross-correlation function in redshift space:
¢ #) — 3, _ Pv (’I“)
14+ &g(f) = [ P(v,r)[1 4 &ylr)] dPv= [ P(y,1) 5 dvj

. . . . . . . . r
Assume a Gaussian pairwise velocity distribution with mean vv(r)%

1
Pl) = e [

Density profile:

v 1- s e

olr) gy 2 (v, )
P L+ (r/ry)P

Velocity profile via mass conservation:

vy(r) = fé%rAv(r) , Ay(r) = 3 /OT <pv(s) - 1) s2ds
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MODEL
Void-galaxy cross-correlation function in redshift space:
¢ #) — 3, _ Pv (T)
14+ &g(f) = [ P(v,r)[1 4 &ylr)] dPv= [ P(y,1) p dvj

. . . . . . . . T
Assume a Gaussian pairwise velocity distribution with mean v (r) -t

(v) —UV(T)TT)T

1
L (U”’r) - mav(r) P [_ 202(r)

Density profile:

v 1- s e

olr) gy 2 (v, )
P L+ (r/ry)P

Velocity profile via mass conservation:

1 [(z)H(2) _ 3 [T ()
vv(r):fgﬁrAv(r), Ay(r) = T—S/O < > 1) s2ds

Linear growth rate: f(z) = Q%5%(2) in General Relativity
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ANALYSIS: DENSE MOCK GALAXIES
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ANALYSIS: SDSS CMASS DR11 GALAXIES
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CONCLUSIONS

@ Accelerated expansion of the universe is established based on standard
candles / rulers / spheres.

o Equation of state w = —1 is constrained at the few percent level with
Q A 0.7.

o Currently no signs for evolution of w(z) (dark energy), but constraints
are relatively weak.

e Cosmic voids can be used to test gravity at the level of ~ 20% via the
linear growth rate.

@ These constraints originate from the underdense universe on small
scales and are complementary to existing ones on large scales.

@ This can help to test modified gravity theories (alternatives for dark
energy) in their unscreened regime.



OUTLINE INTRODUCTION SUPERNOVAE COSMIC MICROWAVE BACKGROUND LARGE-SCALE STRUCTURE CosMmic VoIDs CONCLUSIONS

QUESTIONS ? THANK YOU !
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DEFINITION OF VOIDS

Define density field via Voronoi tessellation of tracer particles
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DEFINITION OF VOIDS

Define density field via Voronoi tessellation of tracer particles




CONCLUSIONS

CoSMIC VOIDS AS STANDARD SPHERES
Search for local minima in density field

AN Y

o \ & 'v

bt bt
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%

COSMIC MICROWAVE BACK(

CosMIC VOIDS AS STANDARD SPHERES

Search for local minima in density field

Watershed algorithm, Platen et al. (2007)
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DEFINITION OF VOIDS

ZOBOV, Neyrinck (2008)
B D
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VOID PROFILE

Estimate density and velocity profile by “stacking” tracer particles around
void centers

3 m;(r;)
pul(r) = Am Z (r+46r)3 = (r—or)s

%
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VOID PROFILE

Estimate density and velocity profile by “stacking” tracer particles around
void centers

3 m;(r;)
py(r) = in Z (r+6r)% — (r — or)3

%

Empirical best-fit model (4 parameters)
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VOID PROFILE

Estimate density and velocity profile by “stacking” tracer particles around
void centers

3 m;(r;)
py(r) = in Z (r+6r)% — (r — or)3

%

Empirical best-fit model (4 parameters)

_ _1/(=)H()
’Uv(’f‘) = —gv'f'A
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VOID PROFILE

Estimate density and velocity profile by “stacking” tracer particles around
void centers

3 m;(r;)
py(r) = in Z (r+6r)% — (r — or)3

%

Empirical best-fit model (4 parameters)

o) =312 Don ), A= [M(222 1) 2as

In General Relativity: f(z) = Q%55 (2)



VOID PROFILE: DENSITY
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VOID PROFILE: DENSITY
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VOID PROFILE: PARAMETERS
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VOID PROFILE: PARAMETERS
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VOID PROFILE: GALAXIES VS. DARK MATTER

PERNOVAE COSMIC MICROW
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RSD ANALYSIS: SDSS CMASS DR11 GALAXIES
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ANALYSIS: SDSS CMASS DR11 GALAXIES
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RSD ANALYSIS: SDSS CMASS DR11 MOCKS
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VOID PROFILE: UNIVERSALITY
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