Xl. Observational Cosmoongy
1.4, Coamic distance Ladder
Observottons in a.s‘}PQnomy
Astronom& consists  on CoJUec’rilﬁ and cmn'k/w PhoJrong (Pmr dijye/@n‘f \waveQend‘tks, N(A). The nomber
o) phstons cbssrved depend on the waveleasth and the distance 4 the object.
IS injer the distance +o an object, we con uwe standard candles and ruler

Stondard candles and culless

Comow vses slondard candles and rders B liminade the Jependence on dhe object .
I()P we Know the distorce do one of the ckjects and Know their sizes (o lominsifes)
we can A\ﬂ())er Ire dishiace fo the other one,
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Gbjects might have d;%ereaf Lominesites, Objects might have d:‘&yefen‘t ses, bt the same

bt the same site. baminesity Mg, (X) = Nz, ().
Stondard  candles can be tsed to oliminate dhe dependence on the dhyedt and b
if{\/oar te asmolssical  pormmeters vie NCY) (since d = JCR(L)).
We want eq\)a‘koz\s with o dependence  on the scale (})adt:r o ond the COSmoﬂﬁchZ
panxmeJr&S, bt J’\"rﬁ we need to have o 9eue (Por the relabion between photon counls
and disbance: 4he distance (odder
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L =4nd* F

F £ apparent magnitude (photons received)

1. l}) we hawe o dass ?f stars with identical luminesities, we can deformine the dislance
o one guch star O,oCa% Ce.g. vio. pacallay). We observe the a%”" F [ the Lominesiy

L dibded on o sphere). TP we measure d, we cn igder L.

2. Ob&ervi/g such star(s) 4in ansthe, ‘}(jpe oj’ dstant olject waobuﬂar Glu&fer,jaﬂaxg,

e’rc-) we con calculate the distonce o that 61?)'&1’ view F= z/q”dz :

-[:l'\e)lw ond Know L, S0 We can £fer J.

we Skl okserve

2. IﬂP Wt ob,)’ecf &5 “stonderd” in gome sense, it can be used o ifj)er the dishance to

ansther object.
Diret porallax (<4 kpe)
This metied will och«) work {} we howe a 2ero peint to start.
One y the <J)euu possibilities o d(r\eo’r% aeJr e distance without
Kno\x/\'(\(j Ovn(;‘l;hirzj alesot the object 45 Jinect pacallax .
It consists an m@ofo‘(!ﬂ'f‘é the dio%lefence on the Fbm'\%«\ of the
object When the Eorth 5 af the exfroma o(J) de orbid around
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Cephed  Stacs (<20 Mee)
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HI regons (< 30 Mec)

Th.%? ose Qorae clouds ?J) hydronized hydfo&eﬁ gurroon&r/ts very hst stoes [< 20 Hpc). Siace
the(y ace br(jk‘] and ther st g5 almost canstart (D> %
standad vulers .
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Showed the need of dncloding e A derm. (Stendacd caadle)

%aaom‘c aaoshic  oseillations

A & wos discossed in previony (octures, %h? aw re;uﬁar periodic Jﬂvo%m‘m/\s N bﬁ(&m,\c
mat fler Th@ onginate Jprom amuste oscillatons in pre-recombnation ploama, end cwn ony
be seen in very Lorge Soveys BAO con be uvsed as @ Standacd roler J)or very Ocnﬁe
saafles.
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1.9, C’osmoQoJ\‘Cao distances
'nggr / Comovil:j Jdistance

D(‘oper olrs,hxnce
We have adayy af comevin, coordinale Xg . R Jp (ie) AN
) g ww ’ V\AO - %1!1 0 .n%
Mo tine JCg, the (90&00(0 emils o pho+o/\ 1t A ‘.
s impsrtant 1o nele that the Oomovirb coordinalle
8 oot the distanee to that olql’ecf: Sfoce Y ARAVA | ddp | %
Cm o 1 s
Can be Corved . f i

Space is expanding whle tre photn drovels do tne cbserver. It reaches the obwner
af t=1s (and ik wareloggth has chagged).
e will start mﬂwQaJrf/g the ph&stca) distonee that seporate two evens happgnir(\j ot
constant cosmic time (W\niC\n is dmposgible Jo measwe, as it is dﬁ)mgdf oq@ at one p;rh‘char
mament in time,
We take Jt=0 in the FRW metric (constat cosmic time):
de? = R() [ f_i; + x2 (Jo? +51’n16d?2‘)}
We awe inferested in the rodiod compment. Thus, S@,ﬂi/ﬁ dB =0 and d¥=0 we oblain the
&I};}er\eﬁial) distance ement of constant cosmic +ime.

4~ kx?
And mf@.(? fwb'm(g Oﬂdﬂ(j the (PQ}? htpath: Xe Jor k=0 —> just comoun aeardinale

h:tk’: arcsin(fii Xe) Jor k=4 Buchidean” apace

o = RO 2 - Refoce) with Je) -

1k k=-1

ﬁ arcaih (i %) Jor
Now 0Qet us Pca attention o the aﬂéufl&r component.

I‘P we wodil to cleolole the distance befween — /ﬁ%

two objechs at the same comovfrj coondinate, dp@: = ) "
fo Jl'./WErﬁ/\(S ()@) 0

ch =0, de-0 VA Joc k=0

e _ _— & _ = \XI‘HI\ = .
dg = R(t) xe de I = RO x¢ , 9O eh - Xe ‘_[L;' am( map/ﬂ) Jor k=1

% 8inh [\)lel dP/R) }or k=-1

4]

Comovi ,D &fs]to\n Ce
11‘423 the P{‘oper dt‘.sfomce a"r SHIwne Fr‘e— ng\'/\e& P?DB/‘QI\C@ +me (a. Common P/‘O.C"‘(‘CP £Le
ts Lse ?*oday‘s Sme co n({z))e/ence.



de = R(te) f ()
i we st Rk <4, then )ng) {5 the Comeoving disloace  (amvention).
The relaton between proper distance and comeliry distance 4 gven %%)-.
dp =R(Y J’o@)J Doy S - e b RO o (d-ade)
o - RA4DCXE ) Rt) Ro Ro
Now we have Jco(j){(jure oit how Yo caleylate J)CXg) (Por an abject a a gien re&shj{ To abloin
this, one needs o assime noll 3@,0&95»‘&% (J)or photons in the FRW metric.

ds* =0 = (alt)*— R*(t) [J sz]

And integrating:
b d
ija)=)x€dx =j"°0°‘t ot s - HO® _ cdtib cdb cdi
° e Jbe RO dte Ret) lte Ro R(te)
> db _ de - Thiswill be 088)00 later
ko Rte) Time intervals are chasged in proportton Yo
e can yeplace R@) Using the Friahman eguation: the exmazion
2 y2r2 R _ 4
X H*= Ho £%(2) @ TnE
Iexe) :f cdt _o ™ dr =era, Jr _ef° (44_2)2(_4_ L
te RO Re RR Re R H, &%) Ho )y Rofrmy \ G2
c (& R R* c 2 O Just
= T CI.?; = 1 dz 3 — . 31+wi) ; Y.  Codvadron
Ha Io R*E() RS HaRs jo £tz E(® = ? Qo (14 . —t/sb Cotvature
-4 A

3
foE) == A d2 - d R ~
HoRo Jo E() We have replaced Xg with 2¢ (whrc‘n Con be mensured)

TO CanoQa,fe 'hn@ C0mo\)i/\& clis‘}omce \Ueneecl ‘ko kﬂow Jd/le CD&mo%l‘Cct,g Pal‘qme‘)ers_
Now we need wrays {o Compote distancas 0 Jerms cz} standord condlas ond rulers .

.Zumi nosib Jistance - obserable.

Aﬁmr\, we have a. 5(19,0)3 hall emits phoi;d/\s ke woant e e 7
&@yl\f\\'\‘m/\ J)or dlﬁ-}nﬂ@ ‘t\’\de) QQQ\YJ& 'F_bs —:W) Since e:m@-)—)"<)>/'/ o
we obsere Tops and con theoreti mﬂl) obtain 2¢.

1. (pho*ons \He}md thal the QUM\/\oa;j 43 C\/\a(g\/\j s o (PUAC‘}LO/\ ‘(7}) f&iﬁk‘}D)L 0y Lo =

(4 +2)'L




Q. Geowxe’nb-, the emited Qu/vx?r\os‘lb 25 & diminished due o the expaasion ?}) the Univese Ao,
Ue ae ndt (I)Mecfﬂ\j all Phoi‘or\g with aur "'&QBSCOPQ, ongj o. certain (})m«cﬁon L5 @lected:
,Z_Obg - Zo X) Wt ‘6’\ J);_ TE> TTb? - fatio Lé) Solid O-le&

ArR* (to) X*
(D b= R(to) xEj do = R(+) Xe& , Rik) becowe of Helesape

Site ﬁodaj . peoper Yroansverge distonce to allclte bI
3. Neasorement: (energy/ time Jorea):  We cbsene a Py, not buninosthy
Foos = 200 = 4 2 TV Ry L

T T (D ArR()XE  RE(e)E AT

Ls dee o the &FOAS\‘On

[
We wonted to obfain T =2

4>
as’

4, o[l o RGO

fobs R &)
Jf we have dbjecks with o Krown Lg (stondosd  candles), we con colelide the Ovumrr\ogfb
distice and make  predictons CPor cosmollogy.

Then/ We can iderﬁ:‘b ond 3?1‘/\@ the anfaosib &L‘S‘J‘mce

Anauﬂo.r diameter distance
The same can be c{d/\&(yOC the ou\guﬂar diameler.

We wont fo de}'_/\e the a/\guﬂa( diameter d(ﬁw\ce as: e %
|
o 12

UsiaD again the expresslon )or the Transvese distance and (Poﬂowcg the some agpoach as
before:

D = Rite) xe b - Rae)xsegj o= D

— = R[fe) Xe
Stadord roler — B os = Og

Obs

Teavel- time dishance
dT = (LQ edt- .- = * 4 dz Q’or Compﬂdeaess)

Ho o (+2) E

Sommar y
Gomeving  distance: o = = ze—i— dz Y Jist R@A)
J ' T Ho Jo £ voper  SiSTange dp = = de
,Z,ominaa‘y digtance C,)_ = £ . _3"; Ro X Ar\dUQar diomoter dishance CJA = D = R&) Rs Xg
“IFabes R(t) G Ro



Jnter reQa{nm

- (20) s

4 €L J)or k:O
Ro
Xg Con be J)o\md M\erﬁ‘nj J)CXE) —> Xe= /I e ( QOF Kk={
Qg = - EX E )
RozHl)2 C (m' Hb or =—
_ e
Ra Ho | o c ) /

. and da can be measued cbservationlly Jor standacd rulers/ candles. The st hard side of
The definstion provide the Bk 4o “quontily Gosmolog,™

Examples o Xe

o K=0, Qr<<Q,, Q,=1-0,, (Acom mdel)

6_

HoRo S [Qmo(t +9_)5 Qo |2

o (e ok
do) = J% 2 b (2)=d:(142) simple relatron of d) and h do b
HD [} ECE‘) d,q()_ dc

(4+2)

e (lpn =0, Q=0, D-M:.qu
Xe = 2e $o + (9o~ 1) (-1 +2g,2 +4

Ho Ro 362 Ci*ze)

.SLA ‘—"i/ nm =0, k=0

Xe . S
HoRo

Distance and vedshfit. Hobble's law- revigited

e con geb o simple (approrimate) reation befween redshit 2 aad drstaace.
Rlts)

R(te)

T%Qor—e@n&«? 2z

_ Rt ( R (4) ( Rlk) T
2= 4. -4) yd [ RA) -y t-k) +o. & - (b)) Rte) (fe-1) =
R(te) R(te) )o dte ( Rite) )o ( ) RY k) )o i

2=

_ Rik) et
p\ﬁ) (‘fb 'LE) = H (‘fo E)

i . - cdt 5 E,ﬁ_c C2

Ty opty & o, S 2 S e

prop@,r distance: dp = R (1) J)C"E) 'R[.lb) c {bc‘ﬁs _ C(Jc i) c2 ® Hodp Hobble boaw Siskonce

Dan va)d )dr neorbd Saurces



1.9, Cos«ioécan‘ca! horizons and volumes

Horiw!ks

(D}yeren’f hoonds &?B/\Q d%)em/ﬁ horvs. Al are bused vpon proper Jishunce.
Pockicle  horiron

Max distonce that a pacticle can  hawe Favelled  since &‘iCOUPQI'{v S

Rp (1) = R(%) j oo
tdec R

“‘po—r‘h‘CQQ hori?,—o/\” a)or‘ Some -}'@d'bc;ok.s)

Masx distance o pho+on can hove Travwelled since W

B\‘(j Ba/b ( thee ae eveds we have wot 0 N

Seeb’\ &Q-I') . decoupling N
w0z y, e

L
Re (V) :R(“L R&)

Even  horivon

Max distance o pach‘cﬂe Con ﬁ“rcwe,Q (}rom

NOW  Onworeds C'tkere e evenks tat We o
will  never See) w
co ) today space
REC'E) - Rct) Jt Cdt
R(E)
Hobole  padivs
Distance ot which recessiondl velloctty  egueds opeed of Bight
Q = _£'—- R 1) = E'—O—- —C'L"‘
H - |[cn () 2 H
Comovil\\j
\roo,umes

Once we hove Qistances, wWe can @@‘})Me volomes (Pmm them .

Dmper wlome at {5

dUp (£) = | et (9;) drdede « geiemﬂ eguation

1={s dx
Vo = Ro>¥? d0
dQ = d&* + 86 Jg* j VA= ker

We have o fE«Q_aJre this 'lb the distances we d%ﬂneol ore

2 _ 2
dUp(te) = RoBx® —cdz  4p . RZx> ~C9%  JN =Ry R Re -edt gn - Ra¥x? RE:‘ cdi a0 d -cdi

Ho Ro E(®) Ho EC2) ReRez HoE(z) Re? Ho B2 T Hrt wEG
R? .
téx=cda=atcaa gt _ ;d“Rn

VRS R d2 R z R.R .




And i/\i‘e(jf‘a_’r i% :

Vp (&) = A & 42 4z - W&Sj X 42 n This 45 i/l‘f'ergg‘)\‘(\j ¥ wormalize the
Ho Jo (4+2)*E(® * i

volume on 00,{‘8@ surveys.

Prper volume at to VP [{:u‘) LS a O()\Jnc'l‘z‘dh cd’ Ho,

3 ﬂ""‘/ O‘ﬂ and 2.
471( d, ) k=0
3 \1+z Vp Cch) (s asrrected J%j e Solld
27 d, Hd, |
W= a1 1+[1+z] ﬁarCSIH(HdL‘V| W) ke angle 0 at 2 uie
3 & Q
32” a +[Hd arcsmh(Hd | ko|) k=-1 VP - VP%
HiQ, 1+z 1+z ‘[ kO

Froper volume ot £ #
STG.FH/\(} o\éam (})rcsm Ql\/p C‘t> =\ dei‘[gij) Jdrd&d (char\a@ ‘}'o qugn‘mQ @/tifrwd'e&), Now
we \r\owe:
de ('t') = (R.’6 ({7) x2 L d =--- = (-‘H’Z)gd\/p U}n)
\}_,_

1- K4

VL (r) = W0
R3(4(2)

H. 4. Supsraevo. CoSmoQo‘”
SUPerILovo.e and cosmoﬂo(}‘mﬂ Pacameters

In te (S)ir*sf Dechie we talked albsot how con we defermine Ho, Ko ond 22,0 (Smce
4 = -SZW\(O _*_—QKIO '\—jll\;o)'

a6

i Tiws 5 done "r’:mxéj the distance - mdolyg
| ‘ | i W Cquodion:

M- = 25-509(Ho) +5 by (D2, ag)

=M
F
&

Cluster Search (SCP)

Mikr 7

Astier et al. (2006)

Knop et al. (2003) (SCP)
Amanullah etal. (2008) (SCP)
Barris et al. (2004

Per Ir“uttcr et al. (1999) (SCP)

Distance Modulus

36
H
Hicken et al. (2009)

Kowalski et al. (2008) (SCP)

34
{ Riess et al. (1999)

Hamuy et al. (1996)
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Redshift



Dislance - modulus @qurhcm Cdefﬁva‘l:l‘on)

We will stort with the Qommosiy chsfance Ri d, k=0
1 H

d, = Le = Ro ReXe = (d+2e) B — s, = < sin ( yl-gn,p-gm\—‘]dc) k=1
2 AT Roor R(tE) € ( ) %€ RH()\/‘l—Q —QA0| c

smh ( |1—Qm<0—QA0|ﬂdc) k=-1
H, \/|1 Qm() A() Toc

We alss Yod an elpresion /Lr de:

=3
Clc= % . F_A‘(E) dz ECz) — Cheose Co&moﬂog;

The rght hand side 4% related  to cesmology , which s “onder control ™, we need o
anaJl&cg the Q%H hand side.

L s Known chm the thesty o Sopernovae To. evploston.

Febs @n be obtained US‘@ apparent ond absolute /Y\a(.?nfjrudes.

Agpocont m&nh‘dde& are d%D.‘reo\ as:

Mi’Vﬂzz—-Q.Saajw(_g_) Where F—qmz

And J>or absolote ma&m‘i‘ddes M- — lgéaﬂ[p Q‘(QH Sure at o fe
m-M = -25 0%< "“UOPc)) = —25 (o, [UOP@ = -5 (L)

4l
And reversing the cguatkion -

1404 g 4 MM
&: 40 5')',)(::405 SME(JL _>[dL]=HPC—> WI"M=251—5Q2(A)_)

Aﬁdi/\& S o (Ho) (beconse Xe wntainy  Ho)
M-M = 23 % Sloy (ds) = Sdog (Ho) + Shog (Hs)
M "H = 2% - SQOD CH_O [KM/S/MPC,:]) + 6 Q? C Ho aL)

— Obser‘”lfm“/ but need to relute m- M <> FzL — CQSVMQO%;
observatton m: g = {O mamis x 2.52x 1o 2 %%
em® gec Invert fo 801' m axd M
Stndocd condle M: 2o = Ao~ ™5 2.02xi0 B
sec

We end vp wibtin:
m-M =25-5log(H,)+5log(D(z.2,,,2,,))

”“”“(JW) [ \k|][<l+z’>2<1+szm,<,z'>—z’<2+z'>szm,]*”2dzf]
0

where m, 2 are obsenobles, M o shnderd candle and @ ames (})rbm ‘Uﬂeo/y.
We con plot (m-M) w.2 jw our abgervaftons. We can also (78?‘ a Hheorefrcad

corve and gee L}) i’ryﬁs 'U/\o observcikons J)or . chosen Cosmoﬂogb_



HQQSUP\'I\C_j He

The intercept with the g s gives - , et
(4% V&DUQ yﬂr HO- I+ URN OJ'&O @SS;—biQ intercept = H, 4t * intercept = H,
NN N\

fo measure Q.

q-o/e?? =Q, - -Ij; —ZZL (which can bo Pnobiema'h‘c ,j) stoadacd quza)u‘es are US@O‘)

SN and the expansion oj the Universe
2 Ja are (yeo:sibﬂe standard  candlos . ng

z
0.02 0.05 0.1 0.2 0.5 1.0
T L e e T T T

24

are visdle ot to 2% 4, there ch‘spersrcm ol @ et tor LR 4 ama®) ,,éff’l
) ). o
— ,/'f‘,'/
on the MQ)([{Y\U\/V\(j) their ﬂﬁkﬁl@f ves & 7 <.
18| Hamuyet ai = 38 R}’r Q,,=0.20, ©,=0.
€ 3

Smadl end '(:hoy 02‘7\A1 COrveS are o : %
independent ?f redshift- 22-<b>S;,:ii“%5e‘S;dth / /
* Perlmotter et al. (1997) 5 '
9, <0 §
 Garnavich et al.(1993) Qo 70
¢ Riess, Schmdt et al. (1905 ) - S g 810 i
Yoo need sonethin ot containg A\ o explain fhe ocbservatrons.
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Riess, Schmidt et al. (1998,A, | 16, 1009)

2R B 28 R
R @ o o
S[TTY 3 2
k. e
H g |
{ ol o 2
3 £
o o
|8 |8
o o
s 3 =
o o
s 9
ol o
B ] L L 1 L
1.(1997,Ap}, 483, 565)
A(m-M) (mag)
o o
o o
[
—
R
4
s
—
P s e N
ple
(s ]
e
—te\
JE—
=
S
A

P

erlmutter et al.

{4.5. Surveys in CoSmo@ua;

H(‘s*orb ond motivation

A sorvey comsist on saa‘b/te/v\cntrc obseruing and CaJraQogfr\D o oet o chjects (stacs, ele.). The
Jirst stoc catalg in histy was made by Higparthus (190- 1208) 4n 422 Be. He obso:
i) Determined distanes and sizes c;f Yo Moon and the Sun.

@) Discovered the precestion of CguinoKes.

i) Measured the ﬂenﬁt% ‘ﬁ’ yeae o ~ G mi

Hippardss meosored the right asansion, declination  (eguatorial), Dongitode (eclipheal) to
350 stors . The or(fjinaJZ Coﬁw.% was Dost, bt o Roman copy (130 ac) ‘3}) o shdue
ghomvb i+ sorvived.

Dwe fo Weber's low we measue m%jm‘wlude\s: all ((mest) senses ace dcvoﬂfhmn.
i) Sight = Magnifwdes M= 25 by (F/g)
4) Sowd : decoels (dB) : Lo = L0 boy (Pry) I8



) Taske: Sewille sede ((pugowy) © S v ogy, (Ceamaisn) (foc Spicyaess)
) Senw ?y myh‘c (S: &g, J - m+ensf+() cj stimolos) :

S ~h(n) — gsN_&l_l > Tomy , 81 ~8mg — &S~ S
~m=togr, 8m=loog, 88~4
e M=2ky, &m=4dog, c?Sruo.os’S

bosk mL«v an apple L. Difftadt to detect ve voriafon
Foﬂow[/ﬁ s, Hipporchss’ cataley s in Forms of mgqﬁude_s :
o Brightest Star was c})irs‘} m%nf‘mde (m=4)
o Taintest were sixth magnitude (m=6)
D@J)f“i“m An =S — {00 A (brightness) .
Keber's Oous: m= —2.5ks, (7o) — Madch witn Hipporhus: 00"« 2.5
T%Qew& (40196 AC) Published his own Ca:\-aﬂ% in Agjwmﬁ with 4022 she. Tt wos
the  gollden stendacd (?Or more thon 8 cenforees |
Tgcb Brahe C{SQS AC) « loc0 Stony in  Unpreceded precision @ew O\Itm'm)_ He creoted
ey accomde instrumeds  (sedant + coadrant),
Messior publisned (1774 ac) a Uist P Ho nebulae ard slor closters (eg. ok Ao

Hobbie (iq 22) neasured. ddoncar Jo nebuloe (e 5. H34) and s f |
<your\d Y were Yoo distenat to beﬂor\b Lo the MW. He olso jow\d L |

Prd r&\sh}i (rldated o recessionv. increases with Jdishunce (Hoble's Zaw)
"Z‘“ﬁ@ Scale STc‘uo{wc was discoeed ]? ShQPQ‘Z’j ad ZWLCkJ in the 1330%.

nts and density map (right)

@ A
|7 f;u @“& ,'@é)‘TO erdensity (left) galaxy

Mensured. onzﬁles, positions a te
8(@ and redsh\('}’f — D

The Coma supercluster
(~100Mpc structure)




Regoifemenk and §teps
4 Df)ine seience 3oqﬂs /objectives:
i) UnclererancLilzj dark energy — meozue cosmlegicall - pocameters  (w=-47 7= 6417)
1) Te\sH«5 hune(:j@ﬂef’y %D 288 — measure J)f‘a.ci‘aﬂ sadex D2(r) and coredation Jum‘fo,. ¢(r)
L5 nomber of dimensions of dwe Space, D2(r) sefs the homogeneity soale (— 3
ix4) AéSe&i(\; &cce,QeFar}EV}j eXgunsion 3? the Universe —» measure Rubble pacmmeler Ho ol

vation of sfate win o) peot.
goyen g stk grouin o) p

Jdeceloratean Parameter Go.
w) Js e Universe /Dﬂ-tﬁ —> messwe Jocotion w) 1*" peak of Cus,
2. De}’me suivey strafegy
i) What Kind o; ol?)‘ech [ jalmes, svpernoval, CHR) Shou we *Earﬁg-j?
i) At wheoh redshipl shald we go7 (Hais affeds the instoment design).
i)  Shoold we Surrey o Wide arec. ok low 2 or o small aen. Lo o (jﬂean‘e/‘ oleyoth (m)?
£y &uam% fre \oevj)ormace 9 the SRy
To aavince (Punql@,ﬂs abaut oo ab\‘ﬂt‘v o process Yre dats, it s necessacy fo Qr\xon’niy the
Pegorma/\cc g e Sorvey [nunrb@r 579 (9aﬂqxfc.g T (j@?‘ o cevfain occoray, e'ir.). There ae Two
Complepertary ways oot IP we hawe a Qikelineed that deseribes Hwo pacameters

C&m, ®W) one Gan wrile (t as an expoasion around the zbesf))i}»
Q“LCG> ~ Qn /_Cem.) +’2,i 2 (94; -eiML)+ Hij (GJ _QJ.)HJ
DL i)
'Y L ge =2 e
where Hy; - 8 54
-C) E[.Sl’l(?/‘ moTrix :
Bpedrahor\ v:&uec()) Hi —— & =<HyD
The jnverse g the Frsher mafrix 4s redated o the crony  Emors N():,;J)‘d
de) E’Sune ﬁ metric (: ”/Amcy contour) - The h\y}ygr/ the belle. In the Cf,‘j\sh‘-’/ the bes
o0 s the gdid line one (Vs.dasheo[ Qme)‘ —[Tae)\gu/\e of merit s a?vmd as
— N
Vol (M) —jc d"a; }_) RH(W) - JEI" T’H,[TH:ZM) /8% ~M/2
RH = UOQCM) R L%{‘&Dﬂ.i‘l‘d/\ ".‘0 J(,\ne ﬁsl’@(‘ MOL'ITI\)(
2 Vubhish ’P(‘opoSoLB YY\OLK\'/\J sc,fenfgy;‘c QsSe
e Locdid J%u'niﬁd/\ 8‘!‘&3\) Re,OOF}- arXiv: 110. 3193

Goals : MOP the dock Oniverse
EUCQ:‘d Dg)infl—n‘o/\ Sﬁ)dj [ cka. Red Booy\) C'Omtcd/\s ﬁ/(\}o oNn: cence oﬁjed‘u\ﬂeé ond /Eguu‘f‘eme/ﬁs/

(Hession maifrix)
6"\.2.




Poy@oa_cl (anstroments) , mission olesign., ng)c’fmaace/ data hmdllff(\j/ Maa%emevﬁr.
(More details Qater).
5,“}23@0931 J)or )undiry +very o’ﬂl‘cuﬂ S‘)E’D, when mast propesale J)cu'i’.
L. Constrochion phase
7 Dok adguisiteon
&) Fost ﬂ;‘)hh’ J)or— Des %euesmpc . Serves as a test e ~
Make Sure evegthm N vvorkfg . = @ il
i) Flonck satelllite Jcakfr:ﬁ Jold 8\'((7 map —— /
(roTaling armond his @is and around b Sun) |
8. P’Pé){n&s ond ouxa%?sts C{;heorlj +da‘)‘a:) eg. See Planck website J)or‘ maps Ch{:aQOJS,_-.
i) Shre ond aanZﬁe dot
i) Make likelihood (the X%) o 4 date
W) Other data Products and codas
. Publesh Papers
i) Provide Key resolhs

t4) Commonicate science

4i) Gedit asthors

) Scle/ﬁrg)rc ,&;?ac; — Discussion  about the isframents, anstrains | analyars, adbitional soeys..
v) Data preduct description

CMg Surweys
CoBE : Gsmic /Baok[j cound  Explorer (1989- 1933)
dastroments &%ﬁ’gﬁéﬁ;"é’éi&mm FAR INFRARED ABSOLUTE
- SPECTROPHOTOMETER
j,) @We/‘@fﬁ‘fc& MiclfoVowe rﬂéu‘omef&‘ - MICROWAVE RADIOMETERS | e
S == 7 MICROWAVE RADIOMETER
())or d%e/enﬂaﬂ mecsyremen 1S y the CHR s
No—— INSTRUMENT AND
L5 4o measure thean :‘aofropl‘es mrmemaL sz~ \ GG e

i) Far Tofra-ced absolote  spectrophot ometer:
fo measure the Cig specirum ‘ |

#) Diffae grwed Bockgrund Gpurirot: | P—
to meosure dust emission in GQQAXJ ‘ SOLAR PANELS



KB(? (Pfl\d.\\’\ch:
i) Bladk - bedy Spectum of the CHA

Wavelength [mm]
2 1 067

Ohis>

c?® UeT

Errors x 400!!! &3 (,LJ/T) =

Intensity [MJy/sr]

‘;‘i) 1!(\/9{‘@(*@& bﬂﬁk@f‘owld aﬂd gaﬂao+s‘c QLLSC (%ye,cf (ZJ) &US')_ '{mpor‘l‘an'})_
4‘u) Che a/\isdfrop\‘es (% choannels of 315 GCHz, D3 GHz and QO GH2).

— T= 237K ond AT/;r =~ 073
W)

Nobel 2006!

WAP CW(QK\‘Ason Hicrowsve An\‘sdropp Probe [(20pi- 2010)

it — upper omni antznna
refectons .

Lnstroments / probe  components : |
1) Russive coolers C Q5 k) s \\\g

“) Sm solac Po“‘pl Qrrey \/ﬂ ?
) ayferenh‘a& radiomelens psve el i |

L4 x 1.6 m primary -—___

tharmally isnlzting
=== TnsL-ument wylinder

‘iN,) ‘LM nUfSQ a”npg‘ﬂp'ers oz dett ——__ (RXB inside)
star tracke:
v 5 ())(‘egveﬂcy bandy (23,283,914, 64, 94 GHe)  wnsias
electronics
—-- reaction
wheels {3}

Vi) Reachn whedg, gyroscopes :
Kea J)\’/\d U\gs : deployed solar aray w/web shieing

AL) Most occumbe CMB map up o brat point
i{) F;re(ﬁrow\c\. ,jpec‘h‘& ond CHA aniao‘]mp\'e\s —_—

Antenna Temperature (uK, rms)

Angular scale
B 0.5°

02°

i) Constrains 01 ccxsmoQtzj,‘cdl Promelen

o N A ~ J/
PN ) [P\
N " @&\
b e
087 o a)

1(1+1)Gy /27 (1K?)
2 8 8 &8 g 8
o 8 8 8 8 8 8
T : 2

00 500
Multipole moment




Planck sddellile  (200%- 2012)
dnglruments /praboe. - components (20- 853 CHa) -
1) dow F@Um? wstroment (4F1)
i) Hfj"‘ J){‘e%\)ey\fy instroment (HFI)
L) Passive &achve (liguid He) cooling (0.4 k)
Okyjectives (aQJZ ostas and Cosno) *
4 H\ah resolution TT, TE and £E maps / spectro.
) Golayy cluster c'ai:qlz;ﬁ
4it) Obsendisns g Mitic, oy @misson
§)  Grovitational Qenuirﬁ ond IS %eaf
v) Si‘rrbeqf constraiing an cesmilygical poramelers

Keb (Pmolcc\gs :

i) Most accumle CMB wp to now

) Garstraging 07 CosmchﬁfcaD Pacamelers
: ( HeaDpf;\_)

arXiv:1807.06205, 1807.06209, 1807.06211

arXiv:1807.06205, 1807.06209, 1807.06211
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Frequency [GHz]

Parameter Planck alone Planck + BAO

0 N 0.022383 0.022447
Lo 0.12011 0.11923
MR e i 1.040009 1.041010
T s 0.0543 0.0568
DAY e 3.0448 3.0480
e e i 0.966035 0.96824
Hp [kms 'Mpc™'] 67.32 67.70
i bl 0.6842 0.6894
O L e T 0.3158 0.3106
[0 0.1431 0.1424
8 I 0.0064 0.0964
PR encosinin i amo e rousii 0.8120 08110
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Lite Bird  (2020's)
A‘gh‘l Sateddite (Pcsr fhe studres ?y B-mode @oQaritod:\‘dn and I@Wa%‘or\ jmm cosmic baclf;mu'\d
radiation etedvon.

€ Masashi Hazumi talk

LiteBIRD expectation

Ir\s‘frumen’rsjprobe ComPoAEv\+6 [110-2!00 G /-h:) : g s
i) Swercnduching - polasimaler o EIEES
i) Low ff\eg}uencdx’ telescope (40 - 23S Gth) 1w =
= 102 —
jid) Hﬁ\n (ym,quen(c) {:eQezuspe (230 - 400 GHy) 2w nflaon o %
w) Possive ond octive coolling (5k) ‘°_“'"H*‘*ﬂ4f~“" s )
Objedtives i o o o

Multipole Moment [ 19

i) B mode Jdetection
i) Gnshains on pimordiad GWis and  infllation
i) Detormmnation y scalar fo tensor ratio = At/
Bicep /KecK aray - CMB experiments in South Pole (2010 -now) [Radetelescopes’]
JInstraments / peobe components (\/RM‘O\)Q pha_ses).‘
1) Ricep 1: 98 sensors  (oo- 150 GHr)
1) Bicep2: 512 @ 150 Gtz
i) Keck O polasimsters with Diguid Heliv
N Rie 3: 2560 sensos at WCHz (o weight Qimit, since it s not o satellite)
Objectives:
Y Heasvrerents of placto tion
i) Emphasis on B mode

it) i?*fif(\}em‘ onstaing on tensor To sedor s (£=0.07) [ T
%s‘cef resolts (U/\‘}(f 2045) = % .‘ 7
;) Maps o) E-modes i | \

' ch ig : 0.05 |- R
7. 0.00 0.9 0.96 0.97 0‘93 0.99 1.00

i) CGonsfrains on s ad r

JESS suveys
2SS 3neYs can be spechros copie of Photomelric.  Spectroscopic sureys (Boss, Gocld) splid
Qt‘(jhjc into cP'eng‘fﬂ bands ond Mmalch absorphon | emission lines . This pProndes more accorste



redswifts, dut detto. aue  harder o get (re=d o fioer Jor every oject). Phelometnc  surveys
(Des, Bucld, 285T) ue tre *olol fight recsied by the tellesmee. They oe easwr ond
jasl-er fo (99}/ bsl provide o Worge redshi? Seferminadion.

The main probes are:

t) Gravidatonal Qensrz\(?

i) Type Jo. Supernovoe
i) GaDax(y closter mass (Pund\bn and qumber counls
Jv) %090(\ oooushic oaciﬂcdﬁd/&

V) 2(7& quasoa

2dE - Tro de&me } ield gdwﬁ recl,shé'})# Surue(? ﬁﬁﬁimxiﬁiﬁﬁfﬁizpubnc/sumy/
Jnsrovents and comporents e i

i) Ym teloswpe af Anéﬂo— Aosteadion ObSQNafbry
i) 2 degree y eld of wiew

i) 4o Jives

Objectives:

) Otain specten for 245, 594 cjects

it) Csver an aves. o agproxi ma‘re[l& 1500 degrees?

_ 2dFGRS survey design
i) Deermire 2SS w40 600 Hpc e it i
-(‘.\)) D@}@rmiﬁ@ CQYT\OD? TCQ'Q ?OID/Y\@"‘Q/\& a/d (j a‘D—a{) brm b North Coloctd :L‘,’7 *
SUWQJ S\‘m\fﬁ) :
i) Cheow Mgets o priort -
it) Poidl oand shest o 2 c%ree&- e
o o 20F fields . NGP 75°¢7.5° SGP 75°x15° Random 100x2°0
APM sconned UKST fields ~70,000  ~140,000  ~40,000
COS/V\O results: Cone diagram: 3-degree slice

2dF Galaxy Redshift Survey

() LS UF to €00 Hpe/h
i) Om = + 0.06
i) L1y /Q,,, =042200¢ (PHT:0.456)
W) Bios b= 096t 008 — bagyws Jollowing DHWQD,O_;
EdF : Qix d@ﬁree )n’chl Goﬂax(j Redshift Soney
dnshrovents and  components ¢
9 42m Schmidt tdescope af UK




i) € degree Jield of veew

) Spectrogeaph with 480 Jroers

Objectives:

1) Qotain spectra (Por 136,804 objechs
1) Map mby Oniverse  over haOd? Hre sk;
i#h) Defect BAO
iv) Determine pecolios veQnoﬁ) X;eﬂd (8285 gals)
Swv% S’fm’r(?%;

) Choose the 1‘&;89,“6 a priori

i) Point ond sheost at € degrees

COS'Y\O {\GSUM.S Dy(z) = [(1+ 322[.]?1|:3:'.]]v‘;,;|"‘l 13
{) defg:h}on (:2-4’ o—> a—{ /’(35 Hﬂ/b Summary of parameter constraints from 6dFGS
i) L = 0.29€ + O.00% % e
Dy (zeg) 459 £ 18 Mpc (3.9%) [Qmh? prior]
rs(zq)/Dv (zeg) 0.336 +£0.015 (4.5%)
< - + 2 5 (4.6%
i) He = 67 £ 3.2 km/s Mpc Aeca) 052620028 (55%)
) Pecoliar vdecities yar 5835 Jalaxey at 2<2.085 D s
SDSS/ResS ¢ SDosan :Di&l'*aﬂ 8)(& Sur\/%
gDSS -7 2000 - 2005 http://www.sdss3.org

SDSS - : 208 - 2008

SDSS - T (Boss) - 2008 - 2014

S - 2014 - 2020

Trstroments Compor\emLs:

1) 25 m elescope o New Mewoo (08A)
W) 120 Mpixel  camera
idi) SPQCTPogmﬁA with {000 fibers

iU) ali QU\A V)”‘FC)J@,/\ CCDQ,[((\} ‘l‘b (Qdyce Nois e [[QO k) e ’ ~ $.2 % 2
Ohjecties T
i) Obtain Spec‘fra(yor 42359 200 objed'& < ‘ '

i) Bsth Pho‘}omefé‘) ond gnoec‘tm&oop; ‘M : R
oy H‘l‘?h a(‘?n(f)\\cw\c@ de tection ﬂ> RAo NG Tt = R
N) Determine ’PGOUQ(‘OJ‘ veﬁocib (y\‘eM (8885 804)



Ooservehons /resifs :
i) Distiboton ?P loca (9aanies
1) Mi Wiong (cj) d:a‘ec‘ls ond, s‘aedlfo\
Aic) 1’*762?&:9»47L data  releases
Cosmo  reslis :

) Bro defechy, (4.8) at ~ 0T Mpc/h

i) N = 02310t 0.06
W) Ho = €2.6 0.5 kn/s/Mpc

100 %%é OBI:'O_J?S
sol °§ ® 02
% ;
eor I T
aor Obioil iii B? ]
ke Bl
Wb —
T{ +*%LLLPJ&F ] 0 PLANLI&»E\A:O
v LT PLANCK+BAO+FS
N 76 ‘
20 40 60 80 < U'.D:ﬂMpc)lZD 140 160 180 ;ﬁ‘. 3
@ 3
g i
= 68 x
64 1

" " N s n
-16 -14 -12 -10 -08

W) Detecto, <(7J>/Y\c>s+ distant guasers (léo oD o&a‘e_c‘}s al 22<2< 3)

\)U(‘(%Qe% Dork. Griergy Suvey (Qoog— Zol)

Jnstoments and aampcy\erﬁs :

i) L m {epes(_bpe ot A/glp-Ausfm.Qu‘an ObSer\roc}or;

i) 2 deﬁmaﬂ Opfeld ?f view

i) Spectugraph with 150 Pibers
Okyectives

i) Improe Ondere‘}andu(\j cgf DH

i) Meosue the BAO (nence the Wiggle)

i) Aftemot to cetermine 2 4/4xi0% gadaxves

iv) Cover  A00O squore degreas

) S.Jner(jy with n-bogj Sims (Gggﬂei}

Resulls :

i) SJrr.v\ﬁenJr anstraing on ACHDM
i) Redshit of 240000 galoxves
i) Constraints on §Cr) and Rk)
iv)  Consfeainks = At/ Ns

on

V) Syslematic fest ?) NCOM extenstons

(smo  esults A detail .

0 0.0
—0.4]
0.85|
0.8 ~
0.80 O
-1.2] 2
0.75
mB —1.6] cMB
—- CMB+LSS --- CMB+WiggleZ
.70 — CMB+WiggleZ == CMB+SN-la
— CMB+WiggleZ+LSS _2.0| — CMB+WiggleZ+SN-a
0.92 0.94 0.96 0.98 1.00 1.02 0.2 03 0.4 0.5 0.6
n, [

ArXiv: 1210.2130

http://wigglez.swin.edu.au/site/

Model

Parameter

CMB + WiggleZ + Hy + SN-Ia + BAO + Hy + BAO

Flat ACDM 1009,h*

Qcouh?
1004

T

log(10'°A,)
Q..
Hylkms

Ts

'MpeY]

2.238 + 0.052 2.255+0.050 2.240+0.053 22394+ 0.050 2.253 £ 0.050
0.1153 £ 0.0027 0.1145 + 0.0026 0.1150 + 0.0028 0.1152 £+ 0.0024 0.1146 + 0.0024
1.039 + 0.002 1.040 + 0.002 1.039 + 0.003 1.039 + 0.002 1.039 + 0.002

0.083 + 0.014 0.084 £ 0.014 0.083+0.014 0.083+0.014 0.084 +0.014
0.964 + 0.012 0.968 £ 0.012 0.965+0.013 0.964+0.012 0.968 £+ 0.011
3.084 + 0.029 3.086 £ 0.029 3.085+0.030 3.083+0.029 3.086 £ 0.029
0.290 + 0.016 0.283 +£0.014 0.288 £0.017 0.289+0.013 0.284 +£0.012
68.9+1.4 69.6 + 1.3 69.1 1.6 69.0 + 1.2 69.5 + 1.2
0.825 +0.017 0.825+0.017 0.825+0.017 0.825+0.017 0.825+0.017

i) Measurement of growth at 2= (0.22, 0.4, 0.60, 0.78)

0.2%301 O.016
= 0.825 2 0.0 17

4'1.') Qm
J,'ii) Os



W) 2Zmy = O 28 eV

V) <018

DES - Vark Snergy Suey (2042 - ?)
Jrstcoments and  componeats -

{) Visible and infrared “4m telesape af Cerro Tololo in Chile
i) 2.2 cts&pe@ ());gﬁd 9? view

W) S protometerc bands (g, ¢, 4, 2, V)
Objectives:

i) Obtain spectre. SnIo C"’ {0 oco)
W Fd 90‘%’? clusters

i) Sample O x I0F ﬁaﬂaxfes ycr BAo
&) Weok Qe/\sirj consIraing

Mi5.yrfootprint SN fields M Science Verification A Year |

https://www.darkenergysurvey.org/

v) Fnd  deviations J)mm GR 1
https://www.darkenergysurvey.org/ (\W ‘n) ‘ Cl@"“ D
Four Probes of Dark Energy 1 _|‘\ ST L S B eifd to
* Galaxy Clusters B b Y N \\ s gko ] with sther SUEYS.
o NL L 4 LA -
* ~100.000 clusters to z>1 L AR 'l “ | -—-Cluster J
s — NN —_
« Synergy with SPT. VHS 051 N Al = S i
* Sensitive to growth of structure and C \ ]
o 'V ™ -
: ,eomeu? e o[ b
* Weak Lensing C 0
* Shape measurements of 200 million - . .
galaxies 06 & LA ISR =]
« Sensitive to growth of structure and C g;’;::;‘:t?cfsl°:!:;"g.‘ ! ‘\\ %
v L . % \ -
geometry + Planck priors \includﬁd "-. et
* Baryon Acoustic Oscillations =L . . . ok AT R T
* 300 million galaxies toz=1 and beyond -14 -12 -1 -0.8 -0.6
» Sensitive to geometry "o
* Supernovae
l, . ) e Factor 3-5 improvement over
* 30 sq deg time-domain survey Staae Il DETF Fiaure of Merit
* ~4000 well-sampled SNe Ia to z ~1 9 9
 Sensitive to geometry
DES resdved tensiond between (ow -2 pro beg
| || DES Y1 All arXiv: 1708.01530
O/\& anz\c)/( — — | DESYI Shear
—_— —— DES Y1 w+vye
- = v ——— DES Y1 All + Planck (No Lensing)
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= —_— DES Y1 All + BAO + JLA
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And  obtained improved  cnsteaiats an  ACDM ard  pevicines.
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as well.

Eucdid Survey 69 en (20207)
Chasoclerstics :

) Suellcte at 12 Sin- Gacth positron
1) 42m telescope &y Ackus

i) Wi Surey - 15000 sg deﬁpees

) Deep Sorvey 140 sg dogrees

V) Wa\eﬂenj‘fl«\&: 5350 -~ 2000 Am

VD) Shapes Cj /,leo"ﬁqﬂaxfes
Vi) Redskfjhg z(sf Ex10? ﬂaanre\s

vih) Cost: 125 billien &
ObJechive&:

) Weak lorsicy

i) :De](‘@rminrr\j the BAD

i) GaJZax(y clostericy

) Goal: consfrain Qeviations ?} GR.

ASST The Q&tye S(?nop')‘l‘c T@Q@SCOILE (20207?)

Now the Vera [Robin ob‘&ervainy

Jnstruments and Components :
i) Telsscope of Cero Pachon (Chite)

{_i) q¢ 39'1 O%IQB\S (Pi&d (gy view
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General &pec{‘od*m/\s on pommeiy
Modified Initial
i Dark Matter Conditions Dark Energy
Parameter myeV fa wp W, FoM
Euclid Primary 0.010 0.027 55 0.015 0.150 430
Euclid All 0.009 0.020 20 0.013 0.048 1540
Euclid+Planck 0.007 0.019 20 0.007 0.035 4020
Current 0.200 0.580 100 0.100 1.500 ~10
Improvement Factor 30 30 50 =10 >50 =300
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https://www.Isst.org/
arXiv: 0912.0201
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v Sufer/\o\/ae, GRES :,Z: //\F

i) Asteroids y Comels and  motion Cg}) stars 2o i ; : | ;

QE (%)
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) Moy tine Milky Way  (tidal) strip f 8 [ ) )

oand Galactic  gheuctu Pe) A
lv) DE and DN - Qef\&r\(}J De properﬁes (w,)’) , efc. Lphofome’m‘c baads

V) O\Bl‘a-u, ~ 37 billion ob[edx

Fiscal Year
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

MREFC Construction Phase

N :bsystcm Fabrication
_ System Integration & Test

_ Science Verification
- . ' Project-level Schedule

< 7 years, 3 months » Contingency

-}“ dary mirror sub p
Rough site level complete
& NSF Preliminary Design Review
& Camera CD-1 Review
< Prototype Science Sensor Received https://www.lsst.org/
+ ArXiv: 0912.0201

Pri mirror complete
Wﬂd_v for Caml:ra CD-3a Review
~@-First article sensor contract start
& NSF Final Review
*»M funding begins
~d-First article filter ready for coating
& Start summit facility, dome, mount, dary optical finish
-#-Cryostat cryo-plate order placed
~J-First article science raft complete
@ Aschive Center ready for equipment
e d Middl B
" 3 Lower enclosure ready for dome
~<#Cryostat bly ready for integ;
~@First filter coated and ready for integration
@ Primary mirror complete

L L

H 4 Base facility complete
Key Milestones -
@ Summit facility complete
9 NSESponsored milesiiy <& Sensor pmd'l{diunl::nmplele
- DOE-sponsored milestone & Telescope and site ready for first light
<4 Privately-sponsored milestone b C‘"_&'_'é::::: :;SdbAa(t:sum ikt
@ Engineering first light; System I&T begins
# Telescope and Site complete
& Archive Centers functional

@ Data Access Centers complete
& Science verification complete
& Full science operations

Fiscal Year
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023




