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Dark Energy Survey 2018
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* More on how redshift errors could
affect BAO

» More on how redshift errors could
affect supernovae
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Eiir |l ErrEC 1S 1IN BAO

Two main ways to infer Ho

» Fit a cosmological model to the BAO

+ Use an "'Inverse distance ladder’

(often shares ruler with CMB)
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P, = 5000 h™> Mpc’ = characteristic power spectrum amplitude at scale of interest

n; = survey number density at location of ith galaxy

Eiir |l ErrEC 1S 1IN BAO

* What I1s the redshift of the standard ruler?
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» Use an Inverse distance ladder’
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Figure 1: Each column shows a different redshift bin, as labelled at top left. The upper row shows the
distance modulus vs redshitt plot for each bin. The second row shows the same, but zoomed in on the central
redshift region to show the difference between the mean redshift, zecan, and the redshift corresponding to
the mean comoving distance, z(Xmean). For this example each bin is evenly populated in redshift (this will
not be the case in real data). In the lower panel I show the Hubble constant inferred from assuming the

measurement was at zZpean When it was actually at z(Xmean). The model used to generate the fake data
was (h,,,,Q2x) = (0.70,0.27,0.73) (to do the calculation of Hy I used the same model, but without the

h = Hy/100kms~*Mpc~! input).
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* More on how redshift errors could
affect Supernovae

» What kinds of redshifts errors might we
have In our data’

BY R. ‘;lk TGOMERY



DERIVING Ho FROM CANDLES :
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B L ARGE A REDSHIFT ERROR WOULD
EEIC AN | LY CHANGE Ho!
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B L ARGE A REDSHIFT ERROR WOULD
EEIC AN | LY CHANGE Ho!
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B ERVERSION OF Ho VS Z
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SCATTER VERSION OF Ho'
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B L ARGE A REDSHIFT ERROR WOULD
EEIC AN | LY CHANGE Ho!

See also Calcine et al, 2016 Tl =

Riess et al. 2016, Figure 12
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* More on how redshift errors could
affect BAO

» What kinds of redshifts errors might we
have In our data’
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A RGE COULD A REDSHIE T BIAS BEY

Observational error Physical effects Theoretical error

» Measurement uncertainty < Gravitational z (local * Using (|+z) factors

» Local peculiar velocity density fluct,) incorrectly
corrections (spin, orbit, » Peculiar velocities s Dianai
helio) e Bulk flows « Redshift addition

* Rest frame wavelength » Internal velocities » NED peculiar velocity
precision correction

QA
“7 ;s \ ‘”,41' %
o 4 A Q.
v & "'

e ) et 3 ¥y
"":".').I‘:":T:« ¥ l: . ! e W e =2
A e W o i A

§ Al 1o vacuum conversion

* Spectrograph wavelength
calibration

« Continuum tilt




UNDERSTANDING GRAVITY: |

SPACE-TIME. IS LIKE A
RUBBER SHEET, MASSIVE
ORECTS DISTORT THE
SHEET, AND—

S WA

.
Q 3

THEY DISTORT IT
BECAUSE THEY RE
PULLED DOWN

BY...WHAT?

SPACE-TIME 1S LKE THIS

SET OF EQUATIONS, FOR
WHICH ANY ANALDGY MUST
BE AN APPROXIMATION.

[ BORFIICAL BT E T




P EC A AR el A O EE S
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0
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Earth’s spin Lz S
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Sun about Galaxy (~260km/s, z~10-3) P 2
2 25 7]
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PECULIAR VELOCITIES

FLRW metric

’ J'#/
4
N

At + RY(0)[dy* + SH(x)(d

dS2 — Rz(l‘) d)(z along dt =d0 =dg =0
D =Ry
Viot = R)( + Ry
R .
Viot — ER)( T R)(

Vior = HD + Vhec



PECULIAR VELOCITIES

FLRW metric -~ )

0= —c*dt

pec (Why recession velocities can exceed the
speed of light without violating relativity.)



PECULIAR VELOCITIES

FLRW metric
0758 - + R (t ) [d ){ + S fe ( )( ) \ (JON g

Rz(t) d)(z along dt = df = d¢ — ()

Viot = R)( + Ry

R .
Viot = ER)( T R)(

Viot = HD + Vpec ~ Clobs

atzx 1



Davis and Scrimgeour 2014

Imagine vpee=0 and you use vi=cz
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Peculiar velocity, km/s

Actual peculiar velocity

o

l | A A l

0.02 0.04 0.06 : 0.00 0.04 0.06 0.10
Redshift Redshift

| ooks like a small deviation...

, Error of 700km/s atz~ 0.1 !!!
... but look at the scale on the y-axis

Zerror — 23)( ‘ O_3




PECULIAR VELOCITIES

—

Solution: Don't
convert to velocrties!!
Just use the (| +2)

~edshift formula. _(5) redshift inferred from Z
V.= CZObS \_.J distance (magnitude) RO X =C —
pee 1l +7 0 H(z)
T you absolutely must -

| |
convert to velocities, use the  V,(2) = 1 + 5(1 — qo)Z — g(l — o — 3q§ +j0)22]

observed redshift in: 1 +z

Even better: converting your theory to a
log distance ratio allows better
comparison to observables because it

Distance inferred{__11} gives more Gaussian uncertainties

from magnitude



Ry - PECULIARVELOCIHTIES

* NED velocity calculator

e Uses: v

converted — Voriginal -+ (https://ned.ipac.caltech.edu/Documents/Guides/Calculators#notes )

Vpec

- . Which is fine as long as you get
: ommaon Use. Vemb — Viot g Vpec the peculiar velocity sign correct

(e.e. tve for the difcction ¢l e
sun’s motion w.rit. CMB)

e D : :
otentially common error: Which is fine at low redshifts

« Common error encouraged by explanatory NOtes: (https:/ned.pac.cattech.edu/Documents/

B leiclicesizact)

. . - L o Which are not in principle correct,
. VVhich say. Ziot = Zgrav T Zpec T2 g e H, and only okay at z <0.0|


https://ned.ipac.caltech.edu/Documents/Guides/Calculators#notes
https://ned.ipac.caltech.edu/Documents/References/zdef
https://ned.ipac.caltech.edu/Documents/References/zdef

Ry - PECULIARVELC

* NED velocity calculator

e Uses: v

converted — Yoriginal 5 Vp

' L ommon use:

» Potentially common error:

CC

(https:/,

Vemb = Viot 28 Vpec

ft

-

from true redsh

folg

-

deviat

0.003

0.002 }

0.001 f

O
O
O
O

V2300 km/5

(O*'\, - -
ofke CiQ’Q' ]
ke 0o
i (6d6/ -7 -
L redshift after complete v, correction: .
z=(1+2)/(1 +zp)—1
1 1 | 1 | L 1 1 | 1 L
0.0 0.5 1.0 1.5 2.0

true redshift

Which is fine at low redshifts

« Common error encouraged by explanatory NOtes: (https:/ned.pac.cattech.edu/Documents/

B leiclicesizact)

Which say:

Ltot = Zgrav T Zpec i

and

€L Which are not in principle correct,

and only okay at z <0.0|


https://ned.ipac.caltech.edu/Documents/Guides/Calculators#notes
https://ned.ipac.caltech.edu/Documents/References/zdef
https://ned.ipac.caltech.edu/Documents/References/zdef

e RETICAL ERROR - WHICH £

Rysin(y) closed

Reciprocity relation (distance duality) DL o D(l —+ Z) D{ Rox  flat
~therington 933 L Rysinh(x) open
Da= D/l &3

cistant

F —— =

But which redshifts should we use!




e THCAL ERROR - WHICH Z!

Which redshifts should we use In angular
diameter and luminosity distances? 8
[ — SN la with D;
~ il_‘ — SN la with D}
Dy (2, zohs) = D(2)(1 + Zobs) = oo
- | 9
DA(Z: szh) D( )/(1 + Zobs)
CMB frame observed ol
(cosmological) redshift redshift |
E ] a |

020 025 030 035 040 045
Qo

Calcino et al. 201 7 (arXiv: 1 610.0/695) + honotirs e



e EVIDENCE FOR A REDSHIE I SHEHE TS

!
ke, |
Allow Az as a free parameter S -
< — a
E — CMB (Planck 2015)
5 — SN la with Az
g — SN la + CMB
5 SN Ia with Az + CMB
r (1 + 2net)d(2emb) §
L —
(1 4+ zpa + Az)d(zemp + A2)
10+ 1
T 5| \ __
X

0.24 0.32 0.40 0.48



A RGE COULD A REDSHIE T BIAS BEY

Observational error Physical effects Theoretical erpor

» Measurement uncertainty < Gravitational z (local * Using (| +z) {aCtors

» Local peculiar velocrity density fluct.) incorrectly
corrections (spin, orbit, » Peculiar velocities
helio) » Bulk flows drtion

’ Restlﬂl”ame wavelength * Internal velocities . peculiar velocity
precision orrection

§ Al 1o vacuum conversion

* Spectrograph wavelength
calibration

« Continuum tilt

ENDINGS
BY R. A: MONTGOMERY
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EIC AL ErFEC TS - GRAVIIATIONAL RECISE .

Woijtak, Davis, & Wiis 2015 Ih'

e |
redshift systematic
>

comoving distance [Gpc/h]

0 0.5 1 1.3 2 2.9

Sim from MultiDark database:

027 O 0.75, 03 0.82

Probability distribution of t
measured by observers In ¢

ne gravitational redshift

Lsters or volds at 2 =

= Wojtak, Davis, & Wiis 2015 = —|_ e
orav-z orav-z

B . “imeastired measured
=) : ; g
£ lInclgie s N voids
2
g
Z
£
& 05 F 11112

- 5107 0

Observers n underdense cnv. tend to measure a + signal
(gravitational redshift),
whereas those In galaxy eclusters tend to observe a - signal
(oravitational blueshift).



vp (kms™1)

e AL EFFEC 1S - PECULIAR VELOCTHHES

§ 1 he peculiar velocity correction

5 Lincertain:
Small scale velocities
Bulk flows
Howlett et al. (in prep)
1200
—9— 6dFGSv
1000 T . - —@— 2MTF
T —O— CF3
800 T ~
B \ B O O -
400 > __':=‘__‘_‘_.A S G Various peculiar velocity predictions in
200 | the literature for the group hosting
Je GW 170817/
| I I I I : . :
~200——1 . - : 10 (Black line + shaded Is the peculiar

. 1 : : .
Kernel Radius (h~" Mpc) velocity used in the calculation of Ho.)



Ho FROM GRAV WAVES

1710.05835.pdf
d — 43 '8+2.9-6.9 MPC | GW170817

Planck
SHoES

®
G
>
anl B
=
®
Sl
D)
v,

H() — 7O.O+12°O_8.O MPC

Peculiar velocity correction: Using this gives peak
1. Assume it has the vi; of the group 3327 + 72 km/s Ho=7/6km/s/Mpc
2. Measure vpec = 310 = 69 km/s by mapping the velocity field (6dF; Springob et al. 2014)
3. Subtract from Vpec TO g€T Vigc = 3017 £ 166 km s~ (error increased due to other uncertainties)
Using this gives peak
Ho=6%km/s/Mpc

oec. vel. correction is ~7km/s



PECULIAR VELOCITIES AND Ho FROM GRAV WAVES

H OW| ett et g | (| n pre p) Table 1. Estimates of the total velocity and peculiar velocities for groups containing NGC4993.

Mean Total Velocity” Velocity Dispersion® Distance from centre® N (v,)? Mean Peculiar Velocity®
Up

Vermp (kK s™1) o, (kms™1) (h~ ' Mpc) (vp) (kms™)

Group Catalogue GroupID N°

Crook et al. (2008) (LDC) 955 46 2871 £ 72 487 4.93 4+ 0.53 18 (5) 439 £+ 99 (153 + 266)
Crook et al. (2008) (HDC) 763 5 3327 £ 72 160 1.13 +0.63 1 (1) 580 4= 760 (266 £ 744)
Lavaux, & Hudson (2011) 1338 10 3339 = 53 169 1.19 = 0.52 2 (1) 519 £+ 393 (265 &= 747)
Makarov, & Karachentsev (2011) NGC4993 15 3230 + 19 (quite high)72 0.41 £ 0.14 1 (0) 479 + 445

Tully (2015) (Unweighted) 100214 8 3339 £ 51 143 1.19 +0.51 3(1) 871 £ 300 (267 = 743)
Tully (2015) (Biweighted) 100214 8 3276 = 41 115 0.69 £ 0.32 3 (1) 855 + 294 (266 + 733)
Kourkchi, & Tully (2017) 45466 22 3305 £ 32 151 0.87 £ 0.35 2 (1) 513 £+ 391 (271 &= 734)
Kourkchi, & Tully (2017) (Trimmed) 45466 17 3230 =13 52 0.43 £0.12 1 (0) 479 4+ 443

6dF (Merson et. al., private communication) GRP0056 11 3326 == 51 166 1.10 =0.48 1 (1) 582 £+ 764 (269 £ 742)

Notes.

“The number of objects associated with the group. (quite IOW)

b In the 3K CMB frame calculated using the centre of the group. Error computed using velocity dispersion and number of members

“The comoving distance from the centre of the group to NGC4993, assuming our fiducial cosmology. Could easily estimate the veloc;ity to be a few hundred |§m/ 5
7 lower than was assumed. Reducing Ho to below CMB estimates.
The number of objects in the group with measured peculiar velocities. (But with even larger uncertainties.)

©The weighted mean peculiar velocity of the group estimated from Cosmicflows-III (2MTF). See Section ?? for details on how this is computed for both datasets.

This systematic will reduce with more objects because the peculiar velocities will average out,
and will also have a smaller impact for more distant objects.




e AL EFFEC 1S - PECULIAR VELOCTHHES

§ 1 he peculiar velocity correction

'S uncertain:

Small scale velocities

Bulk flows

Correcting nearby galaxies to

the CMB frame over-corrects

the velocity (since they share
some of our bulk flow)

600 |

+ o)
o -
O o

Bulk Flow (km s™')
N
-
-

Scrimgeour, Davis, Blake, et al. 2016

200 :
~

0 I —————
10 100 1000

Radius of bulk flow measurement (h™' Mpc)



A RGE COULD A REDSHIE T BIAS BEY

Observational error Physical effec Theoretical error
» Measurement uncertainty + Gravitational£ (local * Using (1+2) factors

» Local peculiar velocity density flyet.) incorrectly
corrections (spin, orbit, » Peculigp/velocities + D and Lix
helio) o OWS + Redshift addition

 Rest frame wavelength - ernal velocities + NED peculiar velocity
precision correction

§ Al 1o vacuum conversion

* Spectrograph wavelength
calibration

« Continuum tilt

ENDINGS
BY R. A: MONTGOMERY
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VA HONAL ERROR

Yuan et al. 2015

(oll} HG 1Ol]1] SN Host (r mag=21.5, z=0.455 )

Flux

400 500 600 700 800
Wavelength (nm)

OzDES spectrum of a supernova host galaxy (an extremely pretty one)

Quality flag = 3 Q] r mag = 23.7, 2=0.732 O]
< Exposure = 51600 s '
> )
e E
' - U
' ' ' ! ) | | | OL | : | I
400 450 500 550 600 650 700 750 800 850 640 650 660

Wavelength (nm)

OzDES spectrum of a supernova host galaxy (an extremely ugly one)




REAL SPECTRUM (HIGH QUALITY)

* Wavelength calibration issue

XCor 8.301 @ z=0.1224
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REAL SPECTRUM (HIGH QUALITY)
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REAL SPECTRUM (HIGH QUALITY)

iIon IssuUue

e Wavelength calibrat
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REAL SPECTRUM (HIGH QUALITY)

iIon IssuUue

e Wavelength calibrat
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R L IONAL EFFECTS

+ Observers tend to be overoptimistic about their uncertainties...
From NED:

” Measured Redshifts of MESSIER 106

No.

© 00 N O 00 & WO N =+ O

Frequency Targeted Published Velocity

21-cm Hl line

Optical
Optical

Optical
Optical lines

Optical

448
448
448
472
490
451
467
480
416
449

(km/sec)

Iblished Velocity

© W W

10
10
13
15
31

(km/sec)

14 <

0.001494
0.001494
0.001494
0.001574
0.001634
0.001504
0.001558
0.001601
0.001388
0.001498

1 of tp P (1-380f 38)

1.0E-05
1.0E-05
1.0E-05
3.0E-05
3.0E-05
3.3E-05
3.3E-05
4.3E-05
4.9E-05
1.0E-04

Uncertair Published Redshift blished Redshift Uncertair Refcode

Ref v
Ref v
Ref v
Ref v/
Ref v
Ref v/
Ref v
Ref v
Ref v
Ref v

Name in publication

NGC4258
UGC 07353

2015
NGC 4258 1992
NGC 4258 1992
NGC 4258 2015
NGC 4258
UGC 07353
UZC J121857.7+471820



VAL HONAL ERRORS

Source of error

Rest frame wavelength precision

AIlr to vacuum conversion
Ny = Ayl Ay ~ 1.00028

Spectrograph wavelength
calibration

Redshift measurement

Internal velocities, outflows

Line smoothing

Potential .
magnitude Explanation
Wavelengths calibrated to 0.01A. z error of 5e+06 at z~1 for OII
5% 10-6 (3727.09A), slighly less for higher wavelengths and at lower

redshifts

Nair~1.00028 at 500nm 1n 15C, 101325 Pa, 450ppm CO», and 0%
humidity. At 3000m and OC the air pressure 1s approximately
10-4 69000 Pa, and nair~1.00020. Thus using a standard temperature
and pressure refractive index when cold and at altitude, would
result 1in a redshift error of ~10-4

10-4 Can be done extremely well 1f using e.g. frequency combs.
Not always done that carefully. May be wavelength dependent.

Different for different surveys, but for SDSS and OzDES galaxies

; 4
rand: 5x10 z uncertainty~5x10-4, larger for AGN at ~10-3

rand?: 10-3 If redshifts not made from centre of galaxy, then unaccounted for
- vpec; 1f galaxy has outflow then systematic blueshift.

If a line 1s on a sloped continuum, peak may be shifted, and

4
a few 10 smoothing may also shift the peak.



3.0

true line centre, 4000
measured line centre, 3997.96
redshift 0.000510260232719
OBSERVAIIONAL ERRORS |
Source Of rror P()tential 2.0k cceeiiiiiennnnnnnnan., ) ,/ - L .
magnitude
Wavelengths calibratec 13}
Rest frame wavelength precision ~ 5x10-6 (3727.09A), slighly
1.0
Nair~1.00028 at 500nm :
: . humidity. At 3000m *> 56 3980 3000 4020 4040
A1r to vacuum conversion 10-4 69000 Pa, and nair~1.00020. Thus using a standard temperature
0. — 4 4.~ | 00028 and pressure refractive index when cold and at altitude, would
result in a redshift error of ~10-4
Spectrograph wavelength 104 Can be done extremely well if using e.g. frequency combs.
calibration Not always done that carefully. May be wavelength dependent.
: Different for different surveys, but for SDSS and OzDES galaxies
. = 9
Redshitt measurement rand: 5x10 z uncertainty~5x10-4, larger for AGN at ~10-3
o If redshifts not made from centre of galaxy, then unaccounted for
?2: 10-3 )
Internal velocities, outtlows rand?: 10 Vpec; 1T galaxy has outflow then systematic blueshift.
Line smoothing 104 If a line 1s on a sloped continuum, peak may be shifted, and

smoothing may also shift the peak.



VAL HONAL ERRORDS - AIR TO VACUUM

99921 — 15°C, 300 nm
—-- 15°C, 900 nm |
Mair = Avac//lair ~ 1.00028 . g 0°C, 300 nm i

S 0°C, 900 nm | .

5 2 000000 = il L
Nair~1.00028 at 500nm in 15C, 101325 Pa, 450ppm 95 |
CO», and 0% humidity. At 3000m and OC the air v 3
pressure 1s approximately 69000 Pa, and = i
n.ir~1.00020. Thus using a standard temperature % ) —0.00005 - o
and pressure refractive index when cold and at = . ’ |
altitude, would result in a redshift error of ~10-4 = f
el :
—0.00010 - .~~~ Pressure ~ Pressure !
o @ 3000m @ sea level
@ P | | ~a.

60000 70000 80000 90000 100000 110000

Pressure (Pa)



A RGE COULD A REDSHIE T BIAS BEY

Observational error  Physical effects  Theoretical error

» Measurement uncgrtainty < Gravitational z (local * Using (| +z) factors

» Local peculiar v@locity density fluct.) incorrectly
corrections (sgin, orbit, » Peculiar velocities s Dianai
helio) e Bulk flows « Redshift addition

. Restlﬂ.”a wavelength . Internal velocities * NED peculiar velocity
precisio correction RSN

2%
“7 ‘”,41' %
v &

e ) et 3 ¥y
"":".').I‘:":T:« ¥ l: . ! e W e =2
A e W o i A

§ Al [gdfvacuum conversion

Spgtrograph wavelength
bration

Continuum tilt




DL ES, RULERS, AND REDSHIEES

Maybe the Hptension arises
rather than
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