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HUBBLE & CEPHEIDS

A SPIRAL NEBULA AS A STELLAR SYSTEM
MESSIER 33*

By EDWIN HUBBLE

ABSTRACT

The spiral nebula Messier 33.—This object is the fainter of the two naked-eye
— — = 'Legree of resolution, suggesting that it is
ceptional opportunities for detailed in-
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17.0 18.0 . 19.0 20.0

12.95 13.95 14.95 15.95
Pg. mag. Magellanic Cloud HUBBLE (1926)



THE FIRST EXTRAGALACTIC DISTANCE SCALE

A RELATION BETWEEN DISTANCE AND RADIAL VELOCITY
AMONG EXTRA-GALACTIC NEBULAE

By EpwiN HUBBLE

MOoUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON

Communicated January 17, 1929

Determinations of the motion of the sun with respect to the extra-
galactic nebulae have involved a K term of several hundred kilometers

which appears to be variable.
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THE HUBBLE CONSTANT VS. TIME
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THE HUBBLE CONSTANT VS. TIME
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WFPC2

: Hy TO 10%

DETERMINATION OF THE EXTRAGALACTIC DISTANCE SCALE: |. M81

HST Proposal 2227

Jeremy Mould
National Optical Astronomy Observatories, AURA

Cycle: 1

Category:
Proposal type: GO
Status:

HST KEY PROJECT ON THE EXTRAGALACTIC
DISTANCE SCALE: INFRARED TULLY-FISHER
+ OTHER SECONDARY DISTANCE INDICATORS

HST Proposal Information:
about this proposal
about other proposals by this PI

Proposal Abstract

Many fundamental problems in cosmology and astrophysics remain undetermined becay
expansion rate is uncertain to a factor of two. HST will provide the opportunity to break t
program which in combination with other GTO and GO work should lead to a measuremg
Our main goal is the observation of Cepheids in two dozen fields in nearby galaxies, for {
calibrating the infrared Tully-Fisher relation. The accumulated data will also allow investi
distance indicators, including the brightest resolved stars, supernovae, and calibration o
Measurement of Cepheids in the Virgo and Fornax clusters will also be attempted. A necj
our proposal is strengthening the calibration of the Cepheid PL relation itself, largely via
clusters in the LMC, M31, and M33. ;

CEPHEID CALIBRATION OF PEAK
BRIGHTNESS OF TYPE |IA SUPERNOVAE

CALIBRATION OF SUPERNOVAE OF TYPE | AS STANDARD CANDLES
HST Proposal 2547

Allan Sandage
Carnegie Institution of Washington

Cycle: 1

Category:
Proposal type: GO
Status:

HST Proposal Information:
about this proposal
about other proposals by this PI

Proposal Abstract

We propose to determine Cepheid distances to nearby, highly resolved, late type galaxies, which have produced
type | supernovae (SNel). The purpose is to determine how good such SNe are as standard candles in the V band.
The distances to these nearby galaxies and the galaxy groups of which they are members will also be directly
important in mapping the very local Hubble expansion field. The present program is for IC 4182. We propose to
determine the corrected distances using observations of a selected field in the program galaxy in the V, as well as in
the | bands, so as to determine the internal absorption of each Cepheid by Freedman's method. Optimized periods
and accurate mean magnitude determinations of the Cepheids are the main requirements. Color-magnitude
diagrams of the brightest resolved stars will also be obtained and will improve our knowledge of this secondary
calibrator. The ultimate purpose is to calibrate the SNel, freed of absorption effects, for the determination of H_o. We
do not propose to begin again the many steps required for the fundamental calibration of the P-L relation.Our more
restricted program, which is a necessary complement to the more extensive Key "Hubble Constant" Project is
complete within itself for the stated purpose. ;




NGC 2841

MACRI+ (2001)



CEPHEIDS WITH WFPC2

MACRI+ (2001)



CEPHEIDS WITH WFPC2
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MAGNITUDE

26

CEPHEIDS WITH WFPC2

DISTANCE: 14 MPC + 3% (STAT) + 11% (SYS)

PERIOD (DAYS)
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MACRI+ (2001)



WFPC2 PROJECTS - ERROR BUDGET

TERM %

ANCHOR DISTANCE | 50
CEPHEID REDDENING, ZEROPOINTS (ANCHOR-TO-HOSTS) . 4.5
P-L SLOPE, D LOG P (ANCHOR-TO-HOSTS) B 40
CEPHEID METALLICITY DEPENDENCE (ANCHOR-TO-HOSTS) [Jlj| 3.0
WFPC2 CTE, LONG-VS-SHORT ZEROPOINTS 3.0
MEAN OF SN IA CALIBRATORS B 25
MEAN OF P-L IN ANCHOR Bl 25
MEAN OF P-L IN SN HOSTS B 15
SN IA M-Z RELATION 1.0

0(Ho)~11%

FREEDMAN+ (2001)
SANDAGE+ (2006) RIESS, MACRI+ (2009)




THE HUBBLE CONSTANT VS. TIME

§21::+++Jw*|Hl :
i

FREEDMAN+ (2001)
SANDAGE+ (2006) COMPILATION BY JOHN HUCHRA



OUTLINE

v IN THE BEGINNING...

v WFPC2-BASED SURVEYS: H, TO 10%
- HST & DARK ENERGY

e SH.ES: H, TO 5%

o LATEST RESULTS FROM WFC3




THE ACCELERATING UNIVERSE - TWO TEAMS

Faintness of SNe la at z~0.5 give first observational
evidence for acceleration & dark energy

THB ASTRONOMICAL JOURNAL, 116:1
© 1998 The American A

THE ASTROPHYSICAL JOURNAL, 517 : 565—.
© 1999, The Amerioan A stronemion] Socisty, Al rights

s

MEASUREM

S. PERIMUTTER,! G. ALDERING,
A. Goorar,* D. B G

Institute for Nuclcar a




DISCOVERING SNE |A AT z>1 WITH HST

HIGHER-Z TEAM AND GOODS TREASURY TEAM

RIESS, FERGUSON, STROLGER (STScl), TONRY (UH), FILIPPENKO, JHA, LI (UCB), KIRSHNER, CHALLIS (CFA), CASERTANO,
DICKINSON, GIAVALISCO, LIvio, MOBASHER (STScl), FOLEY, CHORNOCK (UCB), LAMPEITL (STScl)

- GOODS-North
ACS Tiling IDs
METHOD: SUBTRACT ACS IMAGES B % 3
FROM 45 DAY INTERVAL CAMPAIGNS e L2 éj}
7220,

SN 1997¢j

. -

Ground-Based 0.7" Hubble Space Telescope




DISCOVERING SNE |A AT z>1 WITH HST

STEP 2: WINNOWING

SN IA ARE RED IN UV

STEP 3: IDENTIFICATION & REDSHIFT STEP 4: FOLLOW-UP NEAR-IR
WITH ACS GRISM SPECTRUM LIGHT CURVE WITH NICMOS
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HIGHER-Z SNE |A WITH HST
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Host Galaxies of Distant Supernovae
Hubble Space Telescope = Advanced Camera for Surveys
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THE HIGHER-Z TEAM, ACS 2002-2007:
135 SNE, 50 SNE |A, 25 SNIA AT 2>1

SN Ia Composite Light Curves

o low-z SNe Ia
o HST-discovered SNe Ia
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HST: SNE |A AT Z >1 FIND PAST DECELERATION,
CONFIRMING DARK ENERGY + DARK MATTER MODEL
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EQUATION OF STATE OF DARK ENERGY

| w=P/pc?]

- WHAT IS THE PRESENT VALUE OF W ?
- WAS IT DIFFERENT IN THE PAST? (DW/DZ)

« THE ANSWERS WILL HELP DISTINGUISH AMONG
DIFFERENT MODELS OF DARK ENERGY
. W=-1AND DW/DZ = O > “COSMOLOGICAL CONSTANT”

. W#-10RDW/DZ # O > “INFLATION-LIKE SCALAR FIELD”
(LINDER ASTRO-PH/1004.46406)




EQUATION OF STATE OF DARK ENERGY

| w=P/pc?]

- WHAT IS THE PRESENT VALUE OF W ?
- WAS IT DIFFERENT IN THE PAST? (DW/DZ)

- WE CAN MEASURE W AND DW/DZ USING...
. “STANDARD CANDLE” (TYPE |IA SNE)
> “STANDARD RULER” (BARYON-ACOUSTIC OSCILLATIONS)
. PEAKS IN CMB POWER SPECTRUM [W ONLY]




EQUATION OF STATE OF DARK ENERGY

| w=P/pc?]

- WHAT IS THE PRESENT VALUE OF W ?
- WAS IT DIFFERENT IN THE PAST? (DW/DZ)

- REGARDLESS OF THE TECHNIQUE USED, AN ACCURATE

AND PRECISE MEASUREMENT OF HO SIGNIFICANTLY
NARROWS THE ALLOWED RANGE IN W:

o(w) ~ 2 x o(H,)
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THE SH,ES PROJECT

e Aim: determine the value of H, with a
total uncertainty below 5% through a
“sturdier” distance ladder

» Approach: minimize sources of
systematic uncertainty



THE SH,ES PROJECT

e Minimize sources of systematic uncertainty:

> Use same telescope & instruments
Optical: ACS/WEFC; Near-infrared: NICMOS/NIC2
Work at H-band to minimize impact of extinction

> Target Cepheids with ...

Similar abundances
- Based on published gradients + new Keck observations

Same period range
+ 10d < P < 100d, to minimize impact of non-universal slope

Similar background stellar densities
* Exhaustive crowding simulations; median correction 0.15 mag



N4258: NEW “ANCHOR GALAXY”

» Distance measurement
based on 10+ years of
VLBI observations of
water masers orbiting
central black hole

e D=7.2 Mpc + 3%
o Herrnstein et al. 1999
o Humphreys et al. 2008
> @Greenhill et al. 2009

COLOR MOSAIC BASED ON SDSS IMAGES



MASER DISTANCE TO N4258

OBSERVER'S VIEW

INCL. WARP: 8°
P.A. WARP: 9°

N

0.1rPcC

ACCURACY: 7% ('99) — 3% ('08)

HUMPHREYS+ (2008)



N4258: NEW “ANCHOR GALAXY”

o HST/ACS survey of two
fields discovered ~300

Cepheids with 4d<P<45d
(Macri+ '06)

e SH,ES project re-visited
these fields 3 years later

» Revisits allowed discovery
of longer period Cepheids

COLOR MOSAIC BASED ON SDSS IMAGES



NGC 4258: SDSS+HST/ACS
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HST/ACS IMAGE OF N4258 INNER FIELD




THE SH,ES APPROACH

e Minimize sources of systematic uncertainty:

> Type la SNe limited to “modern” & “ideal”

CCD or photoelectric photometry (sorry, no plates!)
Observed before maximum
Low extinction

Decline rate in normal range (no sub-luminous)

> 6 SNe met these criteria and were located
within the reach of HST

4 previously observed

2 new Cepheid distances in HST Cycle 14
* (Riess, Macri, et al. 2009, ApJS 183, 109)



WFPC2 PROJECTS = SH,ES

0(Ho)~11%

TERM % %

ANCHOR DISTANCE | 5.0 3.0
CEPHEID REDDENING, ZEROPOINTS (ANCHOR-TO-HOSTS) . 4.5 0.3
P-L SLOPE, D LOG P (ANCHOR-TO-HOSTS) B 40 0.5
CEPHEID METALLICITY DEPENDENCE (ANCHOR-TO-HOSTS) . 3.0 0.8
WFPC2 CTE, LONG-VS-SHORT ZEROPOINTS 3.0 -

MEAN OF SN IA CALIBRATORS Bl 25 2.5
MEAN OF P-L IN ANCHOR B 25 15
MEAN OF P-L IN SN HOSTS B 15 1.5
SN IA M-Z RELATION 1.0 0.5

o(Hy)=4.8% RIESS, MACRI+ (2009)



NEW HST CEPHEID P-LS FOR N4258 (INNER)

V MAGNITUDE

| MAGNITUDE
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PERIOD (DAYS)
MACRI+ (2006) MACRI, RIESS+, IN PREP
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SHLES: ANALYSIS

» Global fit to Cepheid and SN data in matrix form

o Solve for relative distances between galaxies

o Calculate hypothetical peak magnitude of SNla in N4258
Ties Cepheid & SN distance scales
Peak mag of SNla in Hubble flow from Hicken+ '09

o Full propagation of errors through covariance matrix
Allows for full exploration of error budget
22 scenarios considered




SHES: RESULTS

» HST/NICMOS H-band observations of 240 Cepheids in:
c NGC 4258 / M106 (aka “the maser galaxy”)
o Six hosts of “modern & ideal” type la SNe

were used to measure (Riess, Macri et al. 2009)

‘ H, = 74.243.6 km s Mpc? ‘

» Combined only with WMAP 5-year (Komatsu et al. 2009)

‘ w=-1.12+0.12 ‘

° add BAO and/or high-z SNe for further constraints on w
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MOTIVATION FOR FURTHER IMPROVEMENT

Figure of Merit

10000 w—% a—-—"/‘

.. 1000
=
=
~ 100
10
1
12 10 8 6 4 2
Ho (% error)
—e— 17 BAO + H, Figure of Merit:
== 2300 SNe + H, 2.5x increase from 5% to 1.3%

—ke— 17 BAO + 2300 SNe + H,

Simulations by Devdeep Sarkar RIESS, MACRI+ ‘09



ONGOING IMPROVEMENTS

# NGC 4258 C.

o(Hy)=4.8% o(Hgy)~3-4%
(published) (in progress)




THE CURRENT SITUATION

 What are the largest contributions to
the error budget?

1) Single anchor: NGC 4258 with o(D)=3%
2) Number of Cepheids in anchor(s)
3) Number of SN hosts

# NGC 4258 C.

o(Hy)=4.8%
(published)




ONGOING IMPROVEMENTS

2 * Single anchor: N4258 with 6(D)=3%

> Add Milky Way Cepheids
HST-based parallaxes from Benedict et al. (2007)
GAIA parallaxes in a few years!!

> Add LMC, M31, M33, [M81]

GAIA parallaxes + DEB distances
- Systematics?

Need large, homogeneous samples @ NIR




ONGOING IMPROVEMENTS

* Number of Cepheids in hosts + anchor
> Obtain H-band data for all hosts with WFC3/IR

> Tie to whole-disk survey of NGC 4258




N3370: WFC3/IR vs NICMOS/NIC2

£

& L A o oty RIESS, MACRI+ IN PREP



r N3370: WFC3/IR vs NICMOS/NIC2

WFC3/IR: 76 CEPHEIDS
0=0.32, 0(uy)=0.04 MAG

NICMOS: 26 CEPHEIDS
0=0.32, 6(yy)=0.07 MAG’
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ONGOING IMPROVEMENTS

# » Current # SN hosts: N=6 with o(D)=3-5% each

e Solution: pursue new SNe within HST volume
o SN2007sr in NGC 4038/9 (Antennae): Cycle 16 ECP
> SN2007af in NGC 5584: Cycle 17 (completed)

* Obtain H-band data for all 8 hosts with WFC3/IR
> Tie to whole-disk survey of NGC 4258




NGC 5584: WFC3/UVIS

» Recently completed observations
o Standard HST search (12 V + 6 | epochs)
* Over 300 Cepheids discovered!

» Test feasibility of “white-light” search
o Reduce # orbits for future HST targets



NGC5584: host of SNO7af (D~27Mpc),

- -




V., |, WHITE-LIGHT INSTRUMENTAL MAGNITUDES

N5584 WFC3 CEPHEID LIGHT CURVES

P= 12.60

19292

28033
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MACRI, RIESS+, IN PREP



MACRI, RIESS+, IN PREP

-L RELATIONS

N5584 WFC3 P

=0.03 MAG
0.02 MAG

V: 0,
I 0,=




N5584 WFC3 P-L RELATIONS

WESENHEIT: 0“=O.O2 MAG

MAGNITUDE
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N5584 WFC3 P-L RELATIONS

H-BAND: o”=0.02 MAG

1 MAG

25 40 60 80 100
PERIOD (DAYS) RIESS, MACRI+, IN PREP




SUMMARY

o HST SUCCESSFULLY FULFILLED ONE OF ITS
ORIGINAL SCIENTIFIC OBJECTIVES: 0(Hg) ~ 10%

e AS “USUAL” WITH HST, WE HAVE GONE FAR
BEYOND... SN |A AT z>1, o(H,) < 5%

o LATEST GENERATION OF INSTRUMENTS ENABLING
IMPORTANT ADVANCES AT MODEST “ORBIT COST”



S
>
)
D
=
—
—
=
Ll
=
=
L
O
-
Ll
>
an!
Q
O
O
)




