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~ Streams are about the only reliable means to measure

i mass at large distances...
: cf.
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- What information can we recover
from stellar streams?

How unique is this stream?

What can we derive about the dark
mass distribution from this image?

Can we dCI'lVC any | information about
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satellites...
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The shorter the stream the more difficult things become
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its the number of turning points that really matter.
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NGC 5907 (difficult as progenitor not visible)

x1O5

N
o
T

Frequency
o1

—
o
T

0.5T

0.0 e

0.5 1.0 15 20 25 3.0 35 4.0
g_density

Best zalution Best salution

Veye Lkr/3)

Sancisi & van Albada




. 4 T - I = N e S e e L .
o ~ N
. ’. > - .

~
A . ‘ o” » N
'/' 5 =

B 'F

b MCMC stream path fitting...
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S Even pure projections of some stream systems allow us to uncover
’J “”"vthe shape of the dark matter distribution. Very promising for next-
g nerat1on; surveys! |

) | vc th add1t10nal kmematlc and/or distance information, we can
ecover the dens1ty profile in a particularly interesting radial range

' 1'_,7 here there are V1rtua11y no other tracers.
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B llin; the MakeEWay with Gaia

For all but the nearest stars, certain phase-
space measures will have large uncertainties.

, ~ Stream fitting works transparently with any

‘k.
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combination of data. Advantage over other
.4._.;_ % 4 . L i
~approaches is the ease with which we can

include uncertainty estimates.

-

_urrently developing an iterative outside-in
detection and halo fitting can
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>an-Andromeda Archaeological Survey (PAndAS)

Example CMD
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¥ MCMC ﬁttirig of RGB tip mag.

Anthony Conn et al. 2011,2012,2013
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- ~ Previous TRGB alg()nthms were not appropriate for task
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Are M31 satellites spatially aligned?

generate 27 galaxies at random from distance PDFs, and
find plane containing lowest rms to sub-sample of 15

repeat 1000 times to find PDF of rms thickness

rms thickness: 12.6x£0.6kpc (<I14.lkpc 99% conf.)
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In PAndAS survey we find a planar alighment:
~50% of satellites
~300 kpc diameter
12.6 kpc rms thickness
co-rotating structure

Prob(13 or more/l5 sharing same sense of rotation)=0.7%

Milky Way: Lynden-Bell (1976), Kroupa (2005), Metz et al. (2007,2008);
Pawlowski et al. (2012a,2012b, 201 3,2014)

s this a peculiarity of the Local Group?




b‘ Irvgn ccarhay dean Unaha Ca Lo saand Lcoand dod i Lxu:ahvwr‘hmn'_

face-on:

effect will be
most
pronounced
for edge-on
configurations

satellites on
opposite sides
of their host
will have
anti-correlated
velocities
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8 We reject satellites on the same
_ | side of their host to avoid selecting
%, binary systems

Simple statistic:
count number of satellite pairs with

satellite | anti-correlated velocities
vs. correlated velocities




Millennium 11 | © Millennium Il
o toy model 1 ! + co-rotating planar structures
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.. How does our statistic behave in reality?
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Satellite pairs (on opposite sides of their host)
preferentially have anti-correlated velocities.

Consistent with planar satellite alignments.
Unexpected given the Millennium Il DM-only simulation.

1 OOO
@)

0.0

B

w

N

=

hl

-

04 06 08 1.0

fraction of satellites in planar structure

vvvvvvvvvvvvvvv

“““““““““

tolerance angle (degrees)

— T - e et nt 2



a b T 1 1 1 b T 1 1 1
SDSS, anti-correlated: SDSS, correlated:
—— R<2.0 Mpc, |v| <500 km/s —— R<2.0 Mpc, |v] <500 km/s
- = R<1.5 Mpc, |v| <350 km/s - = R<1.5 Mpc, |v| <350 km/s
o 200—— - =+ R<1.0 Mpc, |[v] <250 km/s |1 200F == R<1.0 Mpc, |v| <250 km/s |
>3 g
2 2 Millennium I, anti-correlated:
S 7\ N —— R<2.0Mpc, |v| <500 km/s
~ ~
= » 150} 1 = 150¢ - - R<1.5Mpc, |v] <350 km/s |-
o P n == R<1.0 Mpc, |v| <250 km/s
> 9 9
=) X L = = = —_—l X
o) o I o
o S ] >
< q6100- o 1 “6100 1 ]
Q 1
o 5 Lo o S L
Ko} Ko}
€ LR \ -] E 0  memem--
E R SRRREEE v e 3 --=---=Z-Z=:==____‘* _______
50t S . - 50F ~ "<~ R . SooCoC
1 ala 1 [} 0 1 1 1 1 O 1 1 1 1
-1 0 1 0 20 40 60 80 0 20 40 60 80
parallel (Mpc) angle from axis (degrees) angle from axis (degrees)

- V‘,‘ ‘.',t
e

~ T
o““" .(-
o vl TR

g ‘.. {».:“ {

¢
go w1 ]
10
3] v
- .

'y )
, .

..
£ -

“hy f

‘I 4 N
: > \alpil
™ q|.~’ -

a=15deg, 30 galaxy pairs): | ol

es (

7S




W i ? s TSR L O Sy = WWN—J»-’"‘W"W"’
'::"\’-.g_‘/ . - )

4

] o tomn etrlcally-selected satelhtes behave as expected by MS2

.\pr

."‘ >
L.

-
t-‘
"~ '?; . Tl ¥ ‘:'.: -
» - . =
‘We respond:
'k' B % “*ﬁi’;
“~"‘ le | b ."' - SN
- -' E A SRR
fhd i ‘.r:
S "““"“v =

parameter selectz@ﬂg ar .1at10ns behave as expected

‘; ‘( mf i e
#V‘ Vi - - -; . " i\d
- 4 o T‘ \‘ 4

s} -.W 81gnal if quality cuts are applied

; L

lected satelhtes are 95 gS% contaminated in

r . v -
ﬂ«a ,
: : pt

0.\

. T

‘s ,. boto etrzc metdllzcz nde ly ¢ rm o

W %‘2 7 = ---,:z‘:?—i : I}Ly onﬁ

rw‘éu 3' ek " 25 :1“ = E‘ﬁ i ! n } e
ey 3 k\ )

R
.' i wo ™y ¢l p g 5 : ol ) ‘t'. ” o
g - Y — I . T S g - ﬁ* ‘ : (‘:v. ;:’l.»gi.”' ’{_ T8 -

e =~ REL AL ' e 2 ‘.,,_.:':L‘* ik _,‘- 2‘ o A R i



Conclusions & prospects

Satellite alignments are real and common. A substantial fraction of satellite
galaxies did not form independently:

Appears consistent with -50% of satellites around giant field galaxies
belonging to thin co-rotating planar structures (similar to what we find in

M3r & Milky Way).

- Such spatial & kinematic correlation is not (as yet) produced in any
cosmological simulations.

Long streams are excellent dynamical probes situated at radial locations
where we have few constraints. We can uncover the numerous very low mass
’ é%tretions, study their orbital properties, and build up the accretion history

of such structures.

Even distant systems with only projected stream morphologies can be used
to derive dark halo properties. (But better with more information!)

Milky Way: developing outside-in stream+potential fitting for Gaia.



