Borjor\i ol

Dark
MaTTe ¢

and

MACHOs.

Kim G‘T'\ L4 J'-'-
Y 2000



_:nveh‘\'orj O‘F BQ,T"DQV\S

Griest - D2

Tade (redshift xo0)
JLsTARS =X .0O03S Loca| m)L +universe LF

{lgaringa. = «0006 HT 21 ew, €0, Lyx, OUT
ﬂsu in clufterst e 0025 X-'H7

ofal LU dentified 007

thlS"\i‘Ff‘ 2-Y4

(Qse spectva)

Redsh;fTt 2xliwo

ﬂbnﬂ,qu g T CMB: small 2wd acoust)
peak =) large Jlpg

V‘t"") h‘ijk V‘ed_rl'\'.'F"l‘

q2 ~ 0 Standard Big Baw)
s L nm.lw..tpn‘!‘hts:_r

h=, 1
Nz € Jecyit

R




03

Moass DensiT‘j of Unjverse

2 enTca t"j‘
"‘( 2“’\ - -
Ceri T
SNXaq+MB
i
qun‘t!p ¢ b sTexs
—

CMB
tdentified gas5 + i AW o\ Qe+
éﬁt?\l?ﬁus pqr'ts of ‘P_i.‘ﬂw‘j hQiGJ t

.O‘t:l 'oll ' } ?—rL



Galaxy, halo, LMc

o dark a‘oged'(len;’ s
o Eavth Lo h.ﬁ B\jlj'..' : i
& star (Seutce) ~

®
e = g, (at+ e ro= § kpe
aterd a x §5kpc
ey Ve % 200 /s
‘F(u]d R d"tr e % .3 W/t

Ve s L % Sokpe




If Source , lewns, obscrvcr Per‘ﬁt‘“g aligned
get ’ Em.s'l'elh ring’ (frow 9*"!.%9')

Re = 2 [Grac = j
e = 2 Crtr"xu. N = 2.854.U. [ h” L('_.a
If vnot aligned, get 2 images

— e« B  oh
2D us mnye-
% Re © with time

gﬁ'lasﬁﬂSCC (&!’ LMC and IMg)

$ images net resolved

butT light From 2 images add
=> Ssourvce i3 Mogn'\ Fed

r
A(H):u = ,,,& ) M(t)::‘(q:;, +(Zl';-'tt)yl

Phl's'-cnl into in "E =2Re o=
Uy




« w3

»

magnificaTion—>

A

o ) N » Lo o
o 0 LR I 1 O

3 |

(1]

o i
x| |G\ 3
S |4 s

00)4

009

008

000}

||l|r III|III

By

00¢

0o¥

009

008

ocol

A

- —_ = —_—t

- ho = o)) oo

na

Griest - 05

1|T]III|II1|1IIILII

||ows
\V4

gSh

g%l
2Cav)

(~o:¢
’.ul_nam
49)

IIIIrlllII

1 5 L] [SH |




ﬁFm stars in LMC,; typical e venT duration
A

t < ,304q3 M/MG
> sensitivty feom 10 MoTolo Mo

For Sm"ﬂpl‘mj from I‘)umv;‘ “to SEVQ’(‘G‘\
\jeqrs

# Need To monitor millions oF stars
since prebabilit gt Given Star
being lensed ( Talled 'r‘)og‘(‘iCq) depth)
L5 Y Ao xee !



MAMO COLLABORATION

C.Alock
R.Al\sman
D. Alvels

T. Axglred

A. Becker
D. Bunngtt
K. Coale

K. Freeman

K.Geiest

M. Lehner
€-Mavshell
D. Minn: +;
B. Petevsen
M. Pf‘l‘f“'

T Guinn

C. Stubbs
W. Suther land

T. Van dehe)

D. welch
A.Drake

M, Geha
C.Nelson
P.. PoPuVIkI
A . Towman Y

LLNvl

MS§S3e

UC Davis
MSSSo

v Wn:hihahn
Neotvq Dame
LLML

MSSSo

UC Sawn D'ieao

ShefFfield
LLne

LLNML
MmsJieo

Mi1T

E3¢

V) Wijhiu‘)’{on
Oxford

UW{C San Diego

McMast en
MSSSa
Lim
LemML
LLML

uw

Griest - 0B




¢ Alse EROJ, 00LL
mitrolen s Sl'lf'f’-ﬁ

MACHO PROJ ECT e

. 45 :»t:it~*.=n“\“as“LY#r ~ 10 ingt i tyTionu

o .Securc.ln ‘For‘ mic (o l?h S‘:V'.'j: do.r,r. mqﬂ't‘l"

. variable sters
_ Monitor 6S million stars in LMC,SM(, brlye

= OMb imase gvrry 3-~0Omin al l n'{ﬂh‘t*ﬁ;r 7Sy
- Raw dqta rate:! 2806 kb /sec ; but daw
weq‘l‘hw, com@ﬂer bagkluj
2 l-rlp/a.ncu-,
—> Tape

~ Rea|l +ime Flat Field =2 Disk tape
'\_)qu.r s'l‘urlut,

- Sgm;~Real tTimg photometry - Disk = AlerT
sysTem

- Assemble into (ightcurves
@) Rea| time Tor individus] sTar
Batch for wmain anlj.ﬁj

- Run nnqh,.ri_r over all \iJH't'curugs

- Run simulqted data throuph sysTew for .
QFFFLMhiy
~Use much smaller oaTpal ‘¢ 4 staty

for dark mq'l"l‘er/ vaviable Science q»t{’.r;‘J‘






11

Grest

uart

g
L]

L}

¥,

2¢mach

g
2

e

| =
o= RN &)
in

ol

file
dir: /m

878

0 1912.0

E-I-

151

£

il ¥

THESUOIAN.

e

L T
b S

i

Rt S JL!J_..\ .ﬂnﬁﬂu. .m...#l“- ...1» - A_...v...
SeNit
& s

B .JA;."W
u_. A o
A

o
-

e e e e D i SRR | |

SO hmagy shaan e ol S -“"'F v 8K PRt

LT R TR P )

=7,

i



Random from 770 14 emaarEl Sedeled, Sl I 1E00;49 1

seq=8270 Rmag=17.3304 Vmag=1

PR
250 HW Eﬁﬂ 45'] m
dnys

B3 |
chﬂ

184,/0, lilem77014 sequiles Rmag=17.49 Vmag=16.0662

- p! ﬁr‘rn} #h ﬁgm% i1 ﬁ%ﬂiaipx mm%fmwm
[ i

i ‘m‘pm v mwﬁ

......................................

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

TR ]lmﬂﬂkl | o sl ymwv

R* i Ihlifaﬁﬁlk % Mﬁﬂ}nﬁ Mﬁwhﬂ#ﬂmﬁh

|||||||||||||||||||||||||||||||||||

-
T D A .




days

77014 miicre: soosice, a0t 21 1608101 199,
1/0, tile=77014 seq=187 Rmag=156.231 Vmags 16.6567 Sy
i e S b o
_ i
. o o g |
i ¥ k% L3 %’5 i, ¢
-0_5-_ JII I:&E *iit j! & 1 f ﬁﬂ ﬁIJé ﬂf& {-—B:ﬂ
ah, AT 2 #?h‘ iﬁ'%%” ~-05
: : . g g
. e W 'aégnl —
18/0, tile=77014 seq=1177 Rmag=15.9289 Vm“‘l;'?“
: | LS4 i A, B AN B D A B
04 F I I ] ] I? ]
I i lkli f ‘ﬁ% Lt 1
.. l[ ]HIE IL]II? li}l ]Iﬂ[]hh ]i [ ?ﬂllﬁf[ IH géﬁllﬂhl I -E-B:a
..!:0'2.-
4 02
of R~ EHI ha £ By g 4 %ﬂﬂ;& iﬁgliﬂlﬁﬂ%ﬂ
T o s aégﬂ : 400 450 e
44/0, tile=T7014 5eq=3275 Rmag=~16.2019 \’muﬂl'iﬁir!
|:i | "x ;! SN S BN S A S AT TR, SR AR SR M (RIS AT M St 1
4—- _',-s" :
| M e . «Bo
12? o ]
i s .
u:H—} o A ]
' 'zr':u""ac'm"d"aén'L"ﬁn""-téu’
3270, tle=77014 seq=2472 Rmag=15.0369 \fmns-v?ﬁy.:Mﬂ
T S e B e R el s e
o.af 1
b g mpd d Bl a8 Y mdRy Bl
Il : : }‘] é-n.l
0.af 5
: 1-0z2
C I :
T wha § f dhu ' o “Fﬁ*ﬁ
T —TT hen i s :



Area

L

Ared

LMC~10 | Ap = 7.15, 1 = 34.4
8 : :
i
4
2
0
8
6
4
2
0
LMC=1b Apw = 761, 1 = 342
8 B
E
E 4
i
4 e
400 410 420 430 44l 450 48]
2
o
13
3
*E
2
oE
LMC—4 | A = 2.92, 1 = 45.4
4 1 ]
- T
S : I
2 sl - H _
:'- | - F_h- I.II 3 - _: T— T ¥ t E| ___:! - ‘-
4
3=
2
15 :

S00 1000 1500 2000
JD - 2448623.5

Grlest - 14




CANDIDATE LIGHTCURVES AND MICROLENSING FITS

i e—
Griest - -

109

LMC—14 A = 3.37, 1 =100:1

LMC=15 A = 283 t = 368

B - B R
L ol i

L 18I0 1840 18D w1880

.-.._-!l

R St e S W o <A

I['['E

1910 1920 1930 18940 1850 1860

LLL Etllllljlllij Ll

500 1000 1500 2000
JD — 24486235



Griest - 16

0< JEIZMRQ

06 > gaapsfd

(2p + 1'pe 1) xew < ¥y

00¢ < (4PN /"o X)/ XV
AUON]

(8 V7 n__HHH.._mN 3
b > 10PN/ TTIEX

6°0 < MN/YN %

ZZ T1aAs jou 73 ( < TWNSX'g ako g o vaouzadng
auopN AUON yead pug

(28°¢ + 1 ‘6P 1)xem < Xy (2z + 1'gL T)xewm < Xy uoeoytudely
007 < (PPAI/ XY/ XV 008 < (°PN/15X) /X N/S utepy
088 < (*PAT/*™ X)Xy 00z < (FPN/MPX) [ X N/S Pz

g1 > Jorp /1 TIEX > Joppr/MOTIEX 11J SuI[asEE]

ey 73 osp uo jd T < %}

oz < syd O ag < s og< sydg syutod Yy
QL0 > mosso.ge 23
_W.ﬁ_ < hm.a.h.ﬁh wh..._.._ < @uﬂuh.\ﬁu:ca uﬂaz mna Eﬂmm.ﬂw.?
(FoO<H-APGL< A
0GLTS™Y) R G0>U—-AR GO>U—-AT
h_ﬂ < \,_. m.h_— o .\w .n._...__._.H L ..__—. mna uumﬁ:—m_”
z'0 > faufsdyd Q00 > faupio 3
e e o JUON 028/ 5/, (("*'N X)/Xw) > Q¥D2f  J5d 7§ pmoID
‘Pxa arenbs 01 X ,01 ‘Pxa arenbs 01 X 01 “xa arenbs o1 % 01 o2 VL8NS
01g < **' 01e < ¥
009 > 1 000 > ¥ 00g > 1
symod aurpseq syutod surpaseq ¢p < gymnod autpseq o0 <
"[ous o9 < 0< NIBRO< N L < Nwg aferancd uy
1 e Y BHu) (26V) T teax uondiIsaq

VIMAL™Y NDLTOHTHC



Griest - 17

TaBLE 1

Efficiency Corrected Event Durations
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Y _h.- -
TaBLE 13 ; SRR R T v
MAXIMUM LIKELIHOOD FITS .o hiCal GAge )
L _.

Model/ Comment muL fumo f MLMH ﬂdt.- Nexp Nexp Nexp
Events (Mg) (10" Mg) (107%) MW  LMC halo stars
§/13  standard 0.601335 0.21%5%7 8.51% 1 pa 9.6 0 3.0
S/13  standard 0547338 0201088  7.9%3% ne 94 11 2.1
§/17  standard 0.79%337 0.247008 1ot bhed g 0 3.9
/17  standard 0.721030 02200 9.1+3 Lot - IR i 2.7
B/13  bighalo 0685035 0127307  8.8%3 109y 0 3.0
B/13  bighalo 0.661033 012330 8.8%3 1153 48 0.62 2.1
B/17  bighalo 0921038 0.14Z588 1043 ntt  1s 0 3.9
B/17  bighalo  0.8733¢ 0.141888 1013 jeis 129 0.78 2.7
F/13  small halo 0.16339% 0.50%57 10+ e g 0 3.2
F/13  smallhalo 0.19738% 0.39%013 8.013 1*3 7.0 3.3 2.3
F/17  smallhalo 0223098 0.57%5%;  § g b L L 5 0 4.2
F/17  small halo 0.25:33% 044131 9.0 ) S A - 4.3 3.0

The first column shows the model as defined in A96 and A97, and the number of microlensing
candidates used: either 13 from selection criteria set A, or 17 from criteria set B. Model S is given by
eq. 4 and has a typical size halo, Model B has a halo as large as possible, and Model F has a halo as
small as possible with a large thin disk. Columns 3 & 4 show the maximum likelihood MACHO mass
and halo fraction from Section 6.2.3. Columns 5 & 6 show the implied total mass of MACHOs within
50 kpe of the Galactic center, and the resulting halo optical depth. For models with dark LMC halos,
the sum of LMC and Milky Way MACHO optical depth is shown. Column 7 shows the number of
expected events from the Milky Way halo, column 8 shows the number of expected events from the
LMC halo, and column 9 shows the expected number of events from stars (from Table 12). Every
Milky Way model is shown twice, once with a dark LMC halo, and once with the dark LMC halo set
to zero. See the text for more explanation.
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~ Intervening dwarf galaxy
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Fig. I—Peak H 1 surface brightness map for the LMC. This map is sensitive to the H 1 cloud with the highest surface density lving along the line of sig=
and it emphasizes the filamemary, bubbly, and Alocculent structure of the 15M in the LMC,

The median pitch angle of the spiral leatures in the outer
parts (at radii ~ 3 kpe) is ~23" With a flat rotation curve
{r =70 km s~ ') this implics an average lifetime of ~90
Myr, or about a third of a galactic rotation period. The
spiral arms are trailing only if the LMC is rotating clock-
wise on the sky. Hipparcos proper-motion studies (Kroupa
& Bastian 1997) indicate a similar, though mare tentative.

R4 (J2000)

result. Since the northern part of the disk is rotating ﬂ‘“{
from us, this geometry implies that the closest part R_Jf‘

LMC is in the east. In this region we expect the outskirts
the disk (at radius ~ 3.6 kpc) 1o be some 2.7 + 1.0 f
closer on the eastern edge than on the western edge ™
result is in good agreement with direct determinatie®
through Cepheid distunces, which give position angles
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Conclusions

= Al MACHO halo vruled owT

= Ball i court of WIMP,ayion, e,
searches

=2 ~I5 9eed micvo lensing events
unevplained.

Could be f\-?.oz et OM

=) Dominawt identified componest of
b'l'_!!irj

=DM13M' c.'ﬂ&ﬂ_gt T atluv(.ﬂ'nh
+or mation i deas

Could be Lm¢ halg len:}ng w kbet Wwh
arentt lemfes seew ' 1

— Need *u identify distantes h lenge,
= New :urn,; A ‘l‘td\niqnel .
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