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Dark	
  Energy	
  is	
  one	
  of	
  the	
  most	
  perplexing	
  problems	
  in	
  
Physics	
  and	
  Astronomy

• -­‐There	
  are	
  mul=ple	
  lines	
  of	
  evidence	
  that	
  show	
  the	
  
universe	
  is	
  accelera=ng	
  in	
  its	
  expansion.	
  
!

• -­‐But	
  we	
  don’t	
  know	
  why	
  it	
  is	
  accelera=ng.	
  
!

• -­‐So	
  observers	
  have	
  to	
  keep	
  learning	
  more	
  about	
  the	
  
accelera=on	
  to	
  give	
  insight	
  into	
  its	
  source.



Outline

• Primer on Dark Energy and Type Ia 
Supernovae	



• Analyzing the PS1 data set and first results	



• Combining measurements with other 
probes	



• Understanding systematics	



• Conclusions and Future Work	





We have a basic picture 
of the universe

• Dark	
  Energy	
  makes	
  up	
  around	
  
73%	
  of	
  the	
  universe	
  

• Matter makes up to 27%	



• Neutrinos  ~ 0.1 %	



• Spatial curvature is near 0.

Credit,	
  NASA	
  



These	
  are	
  the	
  cosmological	
  parameters	
  we	
  
measure

–-­‐H	
  is	
  the	
  Hubble	
  expansion	
  parameter	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
–-­‐ΩM=	
  ρM	
  /ρc	
  is	
  the	
  fraction	
  of	
  the	
  matter	
  energy	
  
density	
  in	
  the	
  critical	
  density	
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– 	
  -­‐ΩDE	
  =	
  ρDE	
  /ρc	
  is	
  the	
  fraction	
  of	
  the	
  Dark	
  Energy	
  
density	
  (here	
  a	
  cosmological	
  constant)	
  in	
  the	
  critical	
  
density	
  
!

– 	
  -­‐w=P/ρc2	
  	
  	
  is	
  the	
  equa=on	
  of	
  state	
  parameter	
  of	
  
dark	
  energy	
  



We	
  know	
  that	
  the	
  universe	
  is	
  
accelera=ng,	
  but	
  we	
  don’t	
  know	
  why

•-­‐Cosmological	
  Constant	
  (e.g.,	
  
“nothing	
  weighs	
  something” – 
w=-1)	
  
!
•-­‐Quintessence	
  
!
•-­‐We	
  don’t	
  understand	
  gravity	
  
(especially	
  at	
  long	
  range)	
  
!
•-­‐Insert	
  new	
  ideas	
  <here>



So what are Type Ia 
Supernovae?

-­‐White	
  dwarf	
  accretes	
  ma]er	
  
from	
  companion,	
  reaches	
  near	
  
Chandrasekhar	
  limit,	
  explodes

-­‐Don’t	
  know	
  what	
  companion	
  was.

-­‐Correct	
  brightness	
  for	
  decline-­‐
rate	
  and	
  color,	
  all	
  SN	
  
luminosi=es	
  similar	
  to	
  ~10%

-­‐1	
  SN	
  per	
  galaxy	
  per	
  century

Credit: E. Guido, N. Howes, M. Nicolini

!!! SN 2004J in M82 !!!	


!

-11.4 million light-years away	


-Closest SNIa in 20 years	


-Can see with binoculars	



-Highly reddened



Type Ia Supernovae provide some of the best evidence 
for dark energy

• -­‐Standard	
  candles.	
  Standardizable	
  candles	
  
• -­‐Their	
  intrinsic	
  luminosity	
  is	
  known	
  (to	
  10%)	
  –	
  and	
  
apparent	
  luminosity	
  can	
  be	
  measured	
  

• -­‐The	
  ra=o	
  of	
  the	
  two	
  can	
  provide	
  the	
  luminosity-­‐
distance	
  (dL)	
  of	
  the	
  supernova	
  

• -­‐The	
  redshid	
  z	
  can	
  be	
  measured	
  independently	
  from	
  
spectroscopy	
  

• -­‐Each	
  SNIa	
  can	
  be	
  used	
  for	
  a	
  single	
  dL	
  (z)	
  on	
  a	
  Hubble	
  
diagram	
  (dL	
  	
  versus	
  z)



We	
  can’t	
  fully	
  explain	
  how	
  Type	
  Ia	
  
Supernovae	
  come	
  to	
  be.

We	
  don’t	
  have	
  a	
  good	
  theory	
  for	
  what	
  dark	
  
energy	
  could	
  be.

This	
  talk.



Today I will mostly talk 
about two papers



PS1 is in many ways a 
precursor to DES

PS1 DES
FOV 7	
  square	
  degrees 3	
  square	
  degrees

Filters grizy ugrizy

Mission SNIa,	
  transients,Weak	
  
lensing,	
  asteroids…

SNIa,	
  BAO,	
  Weak	
  lensing,	
  
Galaxy	
  cluster

SN	
  survey 10	
  fields–	
  r~23.5	
  mag	
  (z	
  up	
  
to	
  0.65)

2	
  deep,	
  8	
  shallow	
  fields	
  (z	
  
up	
  to	
  1.0)

Average	
  seeing ~1.1	
  ‘’ ~1.1’’

Facebook	
  page No Yes

PS1 covers more area, DES goes deeper

<-Multiple 
overlapping 

fields



This	
  is	
  the	
  order	
  of	
  opera=ons	
  for	
  doing	
  
cosmology	
  with	
  supernovae

1. 1.	
  Discover	
  SNe	
  and	
  spectroscopically	
  iden=fy	
  them.	
  
2. 2.	
  Do	
  photometry	
  and	
  calibra=on.	
  
3. 3.	
  Fit	
  the	
  light	
  curves	
  with	
  light	
  curve	
  fi]er.	
  
4. 4.	
  Determine	
  distances.	
  	
  
5. 5.	
  Solve	
  for	
  cosmology.	
  	
  	
  
6. 6.	
  Think	
  about	
  everything	
  that	
  could	
  have	
  gone	
  

wrong.



We	
  spectroscopically	
  follow-­‐up	
  ~10%	
  of	
  our	
  likely	
  
SNIa	
  candidates

• -­‐We	
  have	
  found	
  ~4000	
  likely	
  SNIa	
  
!

• -­‐We	
  have	
  spectroscopically	
  iden=fied	
  
~400	
  SNIa	
  
!

• -­‐First	
  paper	
  is	
  first	
  1.5	
  years,	
  150	
  spec.	
  
confirmed	
  SNIa,	
  112	
  of	
  which	
  are	
  
cosmologically	
  useful	
  
!

• -­‐Spectroscopy	
  =me	
  mostly	
  from	
  MMT	
  
!

• -­‐Beginning	
  large-­‐scale	
  host	
  galaxy	
  follow-­‐
up
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We	
  spectroscopically	
  follow-­‐up	
  ~10%	
  of	
  our	
  likely	
  
SNIa	
  candidates

• -­‐We	
  have	
  found	
  ~4000	
  likely	
  SNIa	
  
!

• -­‐We	
  have	
  spectroscopically	
  iden=fied	
  
~400	
  SNIa	
  
!

• -­‐First	
  paper	
  is	
  first	
  1.5	
  years,	
  150	
  spec.	
  
confirmed	
  SNIa,	
  112	
  of	
  which	
  are	
  
cosmologically	
  useful	
  
!

• -­‐Spectroscopy	
  =me	
  mostly	
  from	
  MMT	
  
!

• -­‐Beginning	
  large-­‐scale	
  host	
  galaxy	
  follow-­‐
up • This	
  leads	
  to	
  a	
  selec=on	
  bias	
  

that	
  we	
  can	
  simulate



The step with the most impact on 
cosmology is calibration and photometry

• -­‐Calibra=on	
  based	
  on	
  very	
  
precise	
  filter	
  measurements	
  
and	
  =ed	
  to	
  Calspec	
  system	
  
!

• Here	
  we	
  are	
  comparing	
  SDSS	
  and	
  PS1	
  
observa=ons	
  (mags)	
  for	
  different	
  fields	
  
across	
  focal	
  plane



The step with the most impact on 
cosmology is calibration and photometry

• -­‐Calibra=on	
  based	
  on	
  very	
  
precise	
  filter	
  measurements	
  
and	
  =ed	
  to	
  Calspec	
  system	
  
!

• -­‐Photometry	
  done	
  on	
  
subtracted	
  images,	
  non-­‐
gaussian	
  PSF	
  
!

• -­‐Fit	
  light	
  curves	
  with	
  SALT2	
  
light	
  curve	
  fi]er

• If	
  everything	
  goes	
  right,	
  light	
  curves	
  come	
  out	
  that	
  can	
  
be	
  fit	
  to	
  find	
  light	
  curve	
  parameters



The step with the most impact on 
cosmology is calibration and photometry

• -­‐Calibra=on	
  based	
  on	
  very	
  precise	
  
filter	
  measurements	
  and	
  =ed	
  to	
  
Calspec	
  system	
  
!

• -­‐Photometry	
  done	
  on	
  subtracted	
  
images,	
  non-­‐gaussian	
  PSF	
  
!

• -­‐Fit	
  light	
  curves	
  with	
  SALT2	
  light	
  
curve	
  fi]er	
  
!

• -­‐From	
  light	
  curves,	
  we	
  measure	
  a	
  
peak	
  brightness,	
  color	
  (c)	
  and	
  
stretch	
  (x1)	
  -­‐	
  to	
  determine	
  distance.	
  	
  
Then	
  we	
  find	
  rela=ons	
  between	
  
luminosity	
  and	
  c	
  and	
  x1	
  to	
  minimize	
  
distance	
  sca]er.



Finally, we can analyze luminosity 
distances versus redshift

Have to add in a 
nearby sample to 
anchor distances

∆
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Let’s take a closer look at cosmology

Measuring whether or not DE exists - 
not so hard

Fixed w=-1

ΩM~0.3,	
  ΩDE~0.7

ΩM~0.3,	
  ΩDE~0.0

ΩM~1.0,	
  ΩDE~0.0
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Let’s take a closer look at cosmology

Measuring w to 10% - really hard

Fixed Matter density

w=-­‐1.1
w=-­‐1

w=-­‐0.9
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Let’s take a closer look at cosmology

Measuring w to 10% - really hard

Fixed Matter density

w=-­‐1.1
w=-­‐1

w=-­‐0.9
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Here we show 
Hubble 
diagram 

differences 
when we 

change our 
biggest 

systematics by 
1ơ

w+0.05

w-0.05

w+0.05

w-0.05

w+0.05

w-0.05

w+0.05

w-0.05

w+0.05

w-0.05

Pan-STARRs g’ band Pan-STARRs r’ band

Pan-STARRs i’ band Pan-STARRs z’ band

Selection Bias Peculiar Velocity Correction

Supernova Color HST Calspec System

Milky Way Extinction SALT2 Light Curve Fitter

To measure w to 10%, we need careful accounting of systematics
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Here we show 
Hubble 
diagram 

differences 
when we 

change our 
biggest 

systematics by 
1ơ

w+0.05

w-0.05

w+0.05

w-0.05

w+0.05

w-0.05

w+0.05

w-0.05

w+0.05

w-0.05

Pan-STARRs g’ band Pan-STARRs r’ band

Pan-STARRs i’ band Pan-STARRs z’ band

Selection Bias Peculiar Velocity Correction

Supernova Color HST Calspec System

Milky Way Extinction SALT2 Light Curve Fitter

To measure w to 10%, we need careful accounting of systematics

There is 
significant 
room for 

improvement 
in each of 

these 
systematic 

uncertainties

Arrows show calibration 
uncertainties

∆ 
m

 -
 M

  (
m

ag
)

Systematic 
uncertainties are 
of similar size to 

statistical 
uncertainties.  

Propagate 
systematic 

uncertainties to 
covariance 

matrix.



-with Statistical Uncertainties	


-with Statistical+Systematic Uncertanties

PS1 Results

We propagate a 
covariance matrix for 

each uncertainty, which 
effectively increases the 

errors of the SN 
distances to varying 

degrees.	


!

Uncertainties make 
contours bigger/smaller 

and shift contours



When we combine with other measurements, can get tight constraints 
on ΩM and w 

Planck+PS1-SNIa 
w:-1.12±0.09

Assume ΩM+ΩDE =1.0

Planck

PS1-SN Ia

Planck+PS1-SNIa    
ΩM = 0.35±0.05

Assume w = -1.0

PS1-SN Ia
Planck

Matter Density:

D
E 

D
en

si
ty

:

(including systematic uncertainties)



Assume ΩM+ΩDE =1.0  :

w= -1.12±0.09 w= -1.11±0.07

w= -1.17±0.07 w= -1.16±0.07

Planck+SNIa Planck+BAO+SNIa

Planck+H0+SNIa Planck+BAO+H0+SNIa

We see 
between 
1<x<3ơ 

tension with 
w=-1 when 
combining 

various 
probes



Cosmology ResultsPlanck+PS1-SNIa w 
= -1.12±0.09

          

          

WMAP+PS1-SNIa 
w = -1.04±0.09

Planck+BAO
+H0+PS1-SNIa 
w = -1.16±0.07

WMAP+BAO
+H0+PS1-SNIa 
w = -1.11±0.07

ΩM ΩM

Tension with 
w=-1 is smaller 
when we use 
WMAP for 

CMB 
measurements 

instead of 
Planck.

Assume ΩM+ΩDE =1.0  :



I’d like to focus on a couple of our largest 
systematic uncertainties and discuss how to 

improve them

• Calibration	



• Supernova physics



I’d like to focus on a couple of our largest 
systematic uncertainties and discuss how to 

improve them

• Calibration	



• Absolute Flux Photometry	



• Relative Photometry	



!

!

• Supernova physics



Tonry.AB-New (Photometric System Paper, 
2012):	



•Precisely measured bandpasses	


•Use observations of HST Calspec 
standards to ‘smoothly’ tweak bandpasses	


•Check with stellar locus regression	


•Now on AB system - the natural PS1 
system.	


•Independent of SDSS 

Our absolute flux calibration is 
tied to the HST Calspec standards



Schlafly, Finkbeiner et al, 2012

Our relative calibration is better than 1%

Here we compare PS1 to SDSS.  SDSS differences show 
up as stripes.  PS1 differences show up as blocks.



We can use this to cross-
calibrate SDSS and SNLS

Orange - synthetic, Black - actual

More work needs to be done to uncover 
these 1-2% discrepancies!!



I’d like to focus on a couple of our largest 
systematic uncertainties and discuss how to 

improve them

• Calibration	



!

!

• Supernova physics	



• SN color and dust	



• SN host galaxy - luminosity relation



Four Main Ideas
• Hubble Residual Scatter may be the result of luminosity or 

color variation	



!

!

• The observed color-luminosity relation depends not only on 
the source of scatter but also on the underlying color 
distribution	



• A dust-color model with Rv=3.1 (B=4.1) better predicts the 
color-Hubble residual bifurcation	



• New understanding of color has implications for cosmology 
results, host galaxy - Hubble residual relations, and Beta 
evolution



Hubble Residual Scatter may be due to luminosity or 
color variation

Of total residual scatter, weighted component that is color

W
ha

t 
w

e 
fin

d 
fo

r 
Be

ta
:

Luminosity Variation: β = 3.34±0.171 (Nearby), β = 3.02±0.164 (SNLS) and β = 2.91±0.214 (SDSS)	



Color Variation: β = 3.8±0.16 (Nearby), β = 3.65±0.12 (SNLS) and β = 3.2 ± 0.1 (SDSS)	



Not far from 
MW color 

law....



Does a MW model match the data?

!
Only 10% of 

observed colors 
<-0.1 (A_V=0)

Yes, MW 
model 

reproduces 
color 

distribution, 
and Beta..



Which Color Model is more Accurate??

MW model 
better 

predicts 
bifurcation 
of residuals.



But there 
are still a lot 
of questions 
that need to 
be solved - 
here we can 

see that 
Hubble 

residuals are 
varying with 
color and 
redshift.

For 
PS1, 

this is 
a ~5% 
error 
in w



We don’t see strong trends between Hubble residuals and host galaxy mass

Effect is 0.04±0.03 mag

This is a 3% error in w



Conclusions

• It’s a particularly exciting time to work on 
cosmology	



• Cosmological probes have intersecting 
measurements - now we can all start cross-
checking each other	



• There is more Pan-STARRs work to do, and 
hopefully PS1 and DES can help each other 
out! 



w~-0.02	


rela~5%

w~-0.0	


rela~1%

w~-0.004	


rela~10%

w~-0.0	


rela~5%

w~-0.0	


rela~1%

w~-0.01	


rela~15%

w~-0.02	


rela~13%

w~-0.02	


rela~-5%

w~-0.04	


rela~15%

w~-0.05	


rela~-4%

Calibration is our biggest 
systematic	



then Color uncertainty in 
malmquist bias
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I want to 
explain how 

we 
understand 
systematic 

uncertainties.

Will quickly explain these 
top three.


