
21cm	  Intensity	  Mapping/BAO	  
Following	  Ger’s	  footsteps:	  

Gerfeest	  2013	  
Ue-‐Li	  Pen	  

	  



21cm	  BAO	  
•  Universe	  transparent	  to	  
redshiGed	  21cm	  in	  opHcal	  
‘redshiG	  desert’	  1<z<2	  

•  Ansari+	  2006+:	  dark	  energy,	  
etc	  

http://www2.iap.fr/pnc/Enoire2007/Yeche.pdf 

Planck 2013 
I 



Intensity	  Mapping	  
•  Stars	  get	  fainter	  with	  distance:	  hard	  to	  see	  
individually	  at	  cosmological	  distance.	  	  Galaxies	  sHll	  
visible.	  

•  Galaxies	  get	  fainter	  with	  distance:	  hard	  to	  see	  in	  HI.	  	  
Large	  scale	  structure	  sHll	  visible?	  

•  Large	  scale	  structure	  is	  LARGE:	  degree	  scale.	  	  High	  
resoluHon	  not	  needed.	  

•  Modest	  size,	  monolithic	  radio	  telescopes	  needed.	  	  
(Ansari+	  2006+,CPPM	  2008,	  Wyithe&Loeb	  2008)	  

•  How	  much	  21cm	  structure	  is	  there	  at	  z=1?	  



From: talk by O. Lahav 



Foreground:	  GalacHc	  Synchrotron	  

Haslam 408 MHz Much brighter than signal, but no spectral structure 





ARAA review article May 2010 (Morales and Wyithe) 
comparing to z ~ 10: 



ARAA review article May 2010 (Morales and Wyithe) 
comparing to z ~ 10: 

Two months later: 



OpHmal	  Foreground	  SubtracHon	  

Premise:	  foregrounds	  are	  1000x	  brighter,	  but	  
smooth	  in	  frequency	  

Challenge:	  instrument	  is	  always	  mixes	  spaHal	  
structure	  with	  frequency	  structure:	  DiffracHon	  
limit.	  	  Worse	  for	  interferometers	  

SoluHon:	  S/N	  eigenmode	  analysis.	  	  Analogous	  to	  
Bunn	  et	  al	  CMB	  E/B	  mode	  mixing.	  	  Shaw	  et	  al	  
2012,	  in	  prep	  



GBT	  21	  cm	  intensity	  mapping	  
collaboraHon	  	  

Academia	  Sinica	  (Tzu-‐Ching	  
Chang,	  Victor	  Yu-‐wei	  Liao)	  
Beijing	  (Xuelei	  Chen,	  Yi-‐Chao	  
Li)	  
Carnegie	  Mellon	  University	  
(Aravind	  Natarajan,	  Jeff	  
Peterson,	  Tabitha	  Voytek)	  
CITA/UToronto	  (Nidhi	  
Banavar,	  Liviu	  Calin,	  Adam	  
Lewis,	  Kiyo	  Masui,	  Ue-‐Li	  Pen,	  
Richard	  Shaw,	  Eric	  Switzer)	  
McGill	  (Kevin	  Bandura)	  



The	  real	  data	  



Signal-‐only	  simulaHons	  

20 Mpc 

ΩHI = 10-3 



Foreground subtracted 



0.6<z<1, Masui et al 2013, GBT-IM collaboration.  
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Switzer+ 2013 



upcoming	  IM	  experiments	  

	  
	  
BINGO	  
BAORadio	  

CHIME 

CHIME: 100x100m from 400 MHz to 800 MHz; 
noise ~50 K. z=0.7-2.5: map the Dark Energy-
driven transition, 20 Glyr/side ~0.2 Gpix.  

BAOBAB, Pober et al. 2012 
BINGO Battye et al. 2012 

BAOradio, Ansari et al. 2012 

GBT-Multibeam (T.-C. Chang) 

天籁 Tianlai 
Parkes 
IM, 
Staveley-
Smith 
2013 



CHIME	  imaging	  and	  foregrounds:	  
all	  sky	  m-‐mode	  

Shaw et al, 2013 





IM	  science	  

-‐	  	  	  lensing,	  Hdes	  
-‐	  	  	  Neutrino	  dipole	  distorHons	  
-‐  Fast	  radio	  bursts	  
-‐  Pulsar	  monitoring	  
-‐  Pulsar	  searching	  
-‐  EoR?	  	  Filled	  aperture?	  	  Cylinders?	  



Conclusions	  	  
•  Intensity	  Mapping:	  21cm	  unresolved	  galaxies,	  
accessible	  in	  redshiG	  desert	  z=1-‐3,	  iniHal	  HI	  detecHon	  
and	  surveys	  with	  GBT	  at	  z~1.	  MulHple	  surveys	  under	  
construcHon.	  

•  First	  measurement	  of	  21cm	  fluctuaHons	  at	  z~1,	  
factor	  of	  5	  lower	  than	  previous	  opHmisHc	  esHmates	  

•  CHIME:	  Canadian	  world-‐leading	  21cm-‐IM	  iniHaHve	  
•  Ancillary	  science:	  FRB,	  pulsar,	  ESE,	  RM,	  any	  many	  
more	  

•  Challenges	  in	  foreground	  subtracHon:	  new	  all-‐sky	  
imaging,	  S/N	  eigenmode	  theory	  for	  opHmal	  
subtracHon.	  


