
`

Measuring	
  the	
  mass	
  of	
  galaxy	
  
clusters	
  using	
  CMB	
  lensing

Sanjay	
  Patil
School	
  of	
  Physics

University	
  of	
  Melbourne



• CMB	
  cluster	
  lensing

Overview

• Introduction	
  to	
  Galaxy	
  clusters

• South	
  Pole	
  Telescope	
  and	
  Dark	
  Energy	
  
Survey



MACSJ0416	
  galaxy	
  cluster	
  -­‐ Chandra

What	
  are	
  galaxy	
  clusters?
• largest	
  gravitationally	
  bound	
  
objects	
  in	
  the	
  Universe.

• Mass	
  ~	
  1013 – 1015 M¤

• Three	
  main	
  components

• 1	
  %	
  galaxies

• 9%	
  ICM

• 90%	
  dark	
  matter

MMACS/0416	
  galaxy	
  cluster	
  -­‐chandra



Why	
  study	
  Galaxy	
  clusters?
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  2005

dark	
  energy	
  	
  =70%• Number	
  density of	
  
galaxy	
  clusters	
  is	
  
sensitive	
  to	
  dark	
  
energy.
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Clusters	
  improve	
  dark	
  energy	
  
constraints

w	
  improved	
  by	
  37%

Eq
ua
tio

n	
  
of
	
  st
at
e	
  
pa
ra
m
et
er
(w

)

Dark	
  energy	
  density	
  ((Ω∧)	
  

Tijmen de	
  Haan et	
  al.,	
  2016



Hydrodynamic	
  Equilibrium

But	
  limited	
  by	
  mass	
  calibration…

Nonthermal pressure
Integrated	
  
comptonization –
mass	
  scaling

CMB	
  data	
  from	
  WMAP7
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Current	
  uncertainity
~20%

Mass	
  scaling	
  
relation

Several	
  mass	
  
proxies:	
  SZ	
  flux,	
  
cluster	
  richness,	
  X-­‐
ray	
  

-­‐ Depends	
  on	
  	
  	
  	
  
baryonic	
  physicsHasselfield et.	
  al,	
  (2013)	
  	
  

Matter	
  density(Ωm)

Cluster	
  data	
  with	
  3	
  
different	
  mass-­‐
observable	
  scaling	
  
relation

CMB	
  
data



Larger	
  cluster	
  samples	
  in	
  future…

SPT-­‐3g
ROSAT	
  all	
  sky
Planck-­‐DR1
ACT

SPT-­‐3g	
  is	
  an	
  on	
  going	
  
experiment

expected	
  ~10,000	
  
clusters

eRosita is	
  an	
  X-­‐ray	
  survey
expected	
  75,000	
  galaxy	
  

clusters

To	
  fully	
  realize	
  the	
  potential	
  
of	
  these	
  samples	
  we	
  need	
  
accurate	
  mass	
  estimation

Benson	
  et	
  al	
  .,	
  2014
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CMB	
  lensing

ESA	
  and	
  Planck	
  collaboration

1 arcminute distortion for a 
galaxy cluster of mass ~1015

solar masses at redhsift ~1

Weaker signal than optical 
lensing

CMB is behind all the galaxy 
clusters

Easy to model



Extracting	
  cluster	
  lensing	
  signal

Unlensed CMB Galaxy	
  Cluster Lensed	
  CMB

NFW	
  profile

arcmins arcmins







Ss\
Maximum	
  likelihood	
  estimator

Stack	
  to	
  increase	
  signal	
  to	
  noise weighing

Covariance	
  matrix	
  of	
  
the	
  model

Temp.	
  or	
  
polarisation
CMB	
  data



S.	
  Raghunathan,	
  S.	
  Patil	
  et	
  al.,	
  arXiv:1705.00411

Noise	
  =	
  1uK’

Mass	
  in	
  1014	
  M¤

Mass	
  in	
  1014	
  M¤

Recovers	
  true	
  cluster	
  mass
Black	
  à temp.	
  estimator
green and	
  orangeàPol.	
  
estimator

Input	
  mass	
  =	
  2	
  *	
  1014 M¤

Recovered	
  mass	
  =	
  2	
  *	
  1014 M¤

S.	
  Raghunathan,	
  S.	
  Patil et	
  al	
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South	
  Pole	
  Telescope	
  (SPT)
• Located	
  at	
  Amudsen-­‐Scott	
  south	
  

pole	
  station

• 10m	
  microwave	
  telescope	
  
operating	
  at	
  South	
  Pole

• Measures	
  sky	
  temperature	
  at	
  90,	
  
150	
  and	
  220GHz

• Surveys:
– SPT-­‐SZ(2007-­‐2011)	
  covering	
  

2500deg2
– SPTpol(2012-­‐2016)	
  covering	
  500	
  

deg2
– SPT-­‐3g(2017-­‐)	
  covering	
  2500deg2

South	
  Pole	
  Telescope



Dark	
  Energy	
  Survey
• 5	
  year	
  optical	
  survey	
  
of	
  5000	
  sq.	
  deg of	
  
southern	
  sky

• Dark	
  energy	
  camera	
  
which	
  is	
  mounted	
  on	
  
the	
  Blanco	
  4m	
  
telescope	
  at	
  Chile

• Year	
  1	
  results	
  are	
  out	
  
and	
  more	
  on	
  the	
  way

Blanco	
  Telescope	
  	
  Dome
Credits:	
  Reidar Hahn,	
  Fermilab



SPTpol X	
  DES	
  year	
  1

SPTpol (500	
  sq.deg.):
Combined	
  data	
  from	
  2013	
  -­‐
2016
Use	
  temperature	
  and
polarisation QU	
  maps

DES:	
  
Overlaps	
  with	
  SPT	
  survey
Year	
  one	
  has	
  approximately	
  
15000	
  cluster
In	
  the	
  SPTpol area	
  we	
  have	
  
1300	
  clusters



Preliminary	
  Results
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Mass	
  in	
  1014 solar	
  masses

Polarisation estimator
1183	
  clusters
Recovered	
  mass-­‐ 2.4M◉



Conclusions
• Galaxy	
  clusters	
  are	
  powerful	
  probes	
  of	
  cosmology

• Galaxy	
  cluster	
  cosmology	
  is	
  limited	
  by	
  20	
  percent	
  mass	
  
uncertainity

• With	
  CMB	
  cluster	
  lensing

– Expect	
  3-­‐4%	
  from	
  current	
  CMB	
  experiments	
  (SPT-­‐3G,	
  

AdVACT)

– Expect	
  1%	
  from	
  next	
  generation	
  (CMB-­‐S4)
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Upcoming ExperimentsFuture	
  Surveys
SPT-­‐ 3g

Beam	
  size	
  -­‐1.2’
Noise	
  levels	
  – 2.5uK’
#	
  clusters	
  – 10,000
Temp.	
  estimator	
  ~3.28%
Pol.	
  Estimator	
  ~	
  6.12%	
  

CMB-­‐S4:
Beam	
  size	
  -­‐1.0’
Noise	
  levels	
  – 1uK’
#	
  clusters	
  – 100,000
Temp.	
  estimator:	
  ~0.87%
Pol.	
  Estimator	
  ~	
  0.83%	
  

CM
B-­‐S4	
  noise-­‐levles

SPT-­‐3g	
  noise-­‐levles



THANK	
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Dark	
  Energy	
  Survey

• 3030
DES	
  100,000	
  
Clusters

DES	
  survey	
  area	
  
5000	
  deg2

SPTpol 500deg2

-15d

-30d

-65d DES Footprint
SPT Footprint --



Standard	
  model	
  of	
  
Cosomology

Image	
  courtesy:	
  CTC,	
  Cambridge

Epoch	
  of	
  
recombination

First	
  stars

Present	
  
day

200	
  million	
  
years

400,000	
  
years

Fraction	
  of	
  a	
  	
  	
  	
  	
  
second

113.8	
  billion	
  
years



Partially	
  polarised
Electromagentic wave	
  
is	
  incident	
  on	
  free	
  
electron	
  is	
  polarized	
  
in	
  perpendicular	
  
direction

Quadropole
anisotropy	
  leads	
  to	
  
polarisation

~10%	
  of	
  CMB	
  was	
  
polarized
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