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SEGUE Spectrosgopic Coverage
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SEGUE

'G' star *
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sample:
Outliers//; _ e
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disk.



Ty p @  Whatspectra go with these? Tem pe rature

sd0 * * * = 50000 K
Mass sdB o s L) 20000 K
(SOl gup/at * 1 % = 10000 K

5 F o 7500 K

) C % % & 2000 K
01 L . 1200 K
0.05T 00K



400 600 800 1000

200

I I I

A few members of the
SEGUE Spectral Atlas

DA WD:2805-54380—388 g, = 14.13 (g—r), = —0.47.

[Stars are (nearly) Black Bodies] q

Black Body fit:T=14500K

Ho Hot stars: WD, sdO, sdB

sd0: 0388-51793-242 g, = 17.4 (g—r}ﬂ=—{f}.49 |

T=50500K

I=19500K
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- Cool White Dwarf: 1901-53261—-400 g = 20.15 (g—r)} = 0.63 —

Cool white dwarf, molecular (H2) collisions in |
atmosphere remove red flux
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the atlas... Let's look at some SEGUE science.
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10 Smg_uEI_, 2901
8 son b
SEGUE-1, =0
a nearby (d=25 kpc) :
~ 210
Dwarf Galaxy, i >
discovered oo - g 00
. oregroun 1gn—v =
in SDSS/SEGUE ™" -
data by HJ_[H H W H 190
Belokurov et al. 20070 | Bl .
0 100 200 300 0 2 4 G
Velocity (km s™') Distance to Center (arcmin)
Fia. 1.— Left: Color-magnitude diagram of all stars (small black points) within 30" of the center of Seguel from SDSS DR 6 g- and
1 - r-band photometry. The larger symbols indicate stars with measured Keck/DEIMOS velocities: solid blue circles fulfill our requirements for

membership in Segue 1, red asterisks are higher velocity stars and open squares are foreground Milky Way stars. Two fiducial isochrone are
shown shifted to the distance of Segue1: M92 ([Fe/H] =—2.3, solid line) and M3 ([Fe/H]=-1.6, dashed line). Right: Spatial distribution

of stars near Segue 1. The solid ellipse is the half-light radius of Segue 1 as measured by Martin et al. (2008).
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Z=4 kpc up

2. V@,

SEGUE
Data enables
testing of theo oW

from the dark v(R) Milky Way Disk, Bulge,

ages (1991)! and Halo
Kent and DeZeeuw 1991

These methods have been used t compute the tilt of the
velocity ellipsoid for disk stars in th¢ solar neighborhood
based on a specific model for the Ga¥ctic potential. For
small distances above the Galactic plane, Wge find that the tilt
term can be written in the form

2 kpc up 8 kpc
The Sun

P = (C) (g — 2)2/R, - - -
re = (C) (0ng — 02)2/ | Tilt of Ellipsoid
where (C) is a correction factor to the value that tfgterm
would have if the velocity ellipsoid pointed towards the g H 3 - -
lactic center. For old disk stars, we find that IS Indlcatlon
(€ 0152 + 0.0y of relative strenqgth

over the range 6.8 < R < 8.8 kpc and 0<z< 600 pc. Al-
of Disk vs. Halo (£)
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From Kirby et al. 2008

A paradigm shift' is underway in understanding how our
halo formed. Used to be that Halo metallicities went below [Fe/H] < -3.0
but dwarf galaxy star metallicities didn't. Now, with help from

SDSS/SEGUE,
there are many faint dwarfs with [Fe/H] < -3.0.

200:— —— ultra-faint dSph ]
_ 2 T Milky Way halo N
= - 13
= : H i
v 100F | | :
=z, ! :

SOF | ]
'3.5 _30 _2.5 _2.0

Fe/H]



NGP, 1.0 < Z/kpe « 1.2, dota ve, model MNGE, 1.0 < Z/kpe < 1.2, data vs, model
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IVeZ|C et al -F|20i0—8 comparison of data for 1,142 stars with b > 80 and 1.0 < |Z|/kpc < 1.2 kpc, and a model based on a traditional disk
decomposition into thin and thick componenis. The model assumes three (Gaussians with contributions of thin disk, thick disk and halo
stars equal to 28%, 52%, and 20%, respectively. The Gaussians describing the metallicity distribution (top left panel, symbols represent
data and histogram represents model) are centered on [Fe/H] = —0.50,—0.72 and —1.37, and have widths of 0.04, 0.15, and 0.32, dex,
respectively. The Gaussians describing the velocity distribution (top right panel) are centered on 9, 57 and 205 km/s, and have widths of
25, 33, and B0 km /s, respectively. The two bottom panels show the two-dimensional distributions in the velocity /metallicity diagram for
the model (left) and the data (right), with individual stars shown as small dots. The large dots show the median velocity in 0.1 dex wide
metallicity bins, for stars with velocity in the —60 km/s to 120 km /s range. The 2-¢ envelope around these medians is shown by the two
'—l outer dashed lines. The dashed lines in the middle show the best linear fit to the median velocity, with slopes of —91 km/s/dex (model)
. and —4.1 km/s/dex (data).




SEGUE
confirms
puzzle to
higher
metallicity:

Why don’t
high metal
stars at

Z =1 kpc
above planel*
show thin =
disk vel. lag
rather than -s¢
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Mixing? Thin disk extends very high above plane?
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SEGUE .

Science K

s 8 kpc

this one . The Sun

in depth... : as

\

Milky Way Disk, Bulge,

A SEGUE "key project and (Dark) Halo

What can we Iearn“‘

about the Dark Matter

in and around our T .
Galaxy with help from *
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Quick Review of Newtonian Dynamics

(Where do those 'flat rotation curve' models come from?)

Start with:
Centripetal
F ma
acceleration
Gravitational Force \
GM v
F(r) = —v(r) F(r)=-¢

Homework excercise:
Show that this

1s the same as
Semi-axi1s”3 ~ Period”2

Kepler's Third Law: v.(r) ~

<



Keplerian dynamics operate in the solar system where
the Sun's got all the mass, and we(planets) are just 'tracers'
of the force. e - N .

\ Neptune

Uranus

o8 \ Saturn

Jupiter

Mars




Keplerian Dynamics — All mass concentrated in the center at d=0

Velocity falls off as 1/sqrt(d)

ol Mercury .
v
=
] sVenus
8 ~ F e Earth (speed = 30 km/s, or 1 year per revolution) .
C " | _
T
Y

oL Saturn’]

a»

SUN Distance from Sun (AU)



Orbits in this simple Keplerian system are ellipses,
with the 'planets' as tracers of the Potential.

When we do Galactic dynamics, we need to generalize
to Galactic scales, using stars as tracers of the Milky Way's
potential. (note that we are still in the Newtonian (v<<c) realm).



SEGUE uses stellar probes of increasing

absolute brightness to probe
Increasing distances in the disk, thick
disk and Milky Way halo.

F-turnoft

d <15 kpc

thin, thick G

disk stars
d.28.4nC ~ Inner and outer halo stars
K dwarf -

[y G

Hipparcos type . s s
surveys really

K Giants

d <100 kpc

Streams and outer halo stars

only probe a small dlstancé d~ 1 5 kpc from the sun.

8 kpc




SEGUE can go out to d > 50 kpc
using BHB and K giant tracers

turnoff

~ Inner and ouger halo stars

K giant

d =100 kpc

Strean's and outer halo stars



Generalize Kepler's Third law for mass distributions where
all the mass is not a point source at the center:

Handy Mathematical
Tools:

Use "Potentials' rather than 'Forces
(scalars vs. vectors)

!

Poisson's eqn. connects density (mass)
distributions to the Potential (Gravity Law)

V2@ (r) = ArGp(r)

=

F=-v¢
2
v{f
F(T)—?

Centripetal Acceleration
force law becomes the
relation for circular
velocity vs. 1.

20) =

dr
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o
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The nice thing about workirtg with potentials (rather than forces),
Is that they are scalars}l‘fot vectors) and the Poisson eqn. is linear
in potential and densify (also a scalar), so you can 'synthesize' a
multi-component mqdel of the Galaxy by simply taking the density
profiles of each cognponent, solving Poisson's eqn for each
component and symming the potentials to make a total
potential for the Galaxy.

Common models:have three components: Bulge (like a central
point source), Stellar Disk (Either an exponential disk or a slightly more
complicated Miyamoto-Nagai disk model), and a Dark Halo component
(either a log(r+c) potential, r*-2, with a central core) or an

NFW (density fallsi\s rA-3 in the outer parts). These three

potentials have sever?l parameters

to be fit, including scalg lengths, height of the disk, flattening (shape)
of the Dark component, and relative amplitudes between disk and halo.
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{ X. Xue et al. (2008) data

* Koposov, Rix, & Hogg (2009)
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{ X. Xue et al. (2008) data

* Koposov, Rix, & Hogg (2009)

Stellar Disk




WITH NO DARK MATTER .

THIS IS AS WELL AS .

{ Koposov, Rix, & Hogg (2009) ONE CAN DO. STELLAR
BULGE + DISK ALONE

i FALL SHORT for R > 10 kpc }

§ * X. Xue et al. (2008) data




Data for a Galaxy like the Milky Way, in HI Gas.

150

I || || || ||
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edge of Galaxy -
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v o

HIl gas in rotation -
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Data from Begeman 1989 for the spiral galaxy NGC 3198
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»~ SO: We ADD a DARK MATTER _
log(r) potential, flat

Vo(km/s)

200

100

{ X. Xue et al. (20@)’dutu

/ rotation
* Koposov, Rix./&. Hogg (2009)

4 Scale it.

HALO component.

curve (at large r)
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{ X. Xue et al. (2008) Qata

* Koposov, Rixyq{ Hogg (2009)

Total Potential v, o, = 73 km/s

Three component model potential fits the BHB and
Dwarf kinematics data. But which scale v=114 or
v=73 is thencorrect one? They differ by a factor

of 2 in total ma\ss of the Galaxy system.

~
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.‘ID 20 \.'Qd-ﬂ 50..
R(kpe) ~ o




So, in summary, what we have for models: N
DPiotal = PBulge T Ppisk + PHalo
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B
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Ppigk(r) = = i/,/'l--iii\tﬂi:;*__‘ | |

_ R @evETRE

2 N
i .Z [ I * g _-
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R? =2? +4y?%, a=6.5kpe, b= 0.26 kpc, ¢ = 0.7 kpc, d = 12 kpc
ﬂi{Bulge = 3.4 x 1010?!,“{@: ﬂerisk = 1011ﬂ’fc

Key parameters fit: vHalo, ¢



Keplerian Potential
(Solar System)
Central Point Mass

|

O(r)y=-GM/r

|

Ve(r) ~ L

i\/?

M(r<R) = M (constant)

Isothermal Potential
(Dark Matter Halo)

p(r) ~r

|

O(r) ~ log(r)

i

ad r
v2(r) ~ r— ~ — ~ constant

dr r
X /

FLAT ROT/%TION CURVE!

M(r<R)~R
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Levine, Heiles, and Blitz 2009 ApJ
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Rotation curve of the INNER Milky
Way (R < 8 kpc) from Radio
HI 'tangent point' measurements.
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Maciel and Lago 2005

For points beyond the
solar radius (R ~ 8 kpc),
the tangent point method
doesn't work any more,
and other methods must be
used.

H II regions 1n the outer
Galaxy and Planetary Nebula
in the Outer Galaxy are
some methods.

The errors bars here are
significantly larger

than for the inner Galaxy.

E {lpch

Fig. 2. Rotation curve from PN (=olid line) and average
velocities in 0.5 kpe bins (dots with error bars), adopting
distances by Maciel (1984}, Also shown is the rotation
curve from HII regions by Clemens {19585, dashed line).

2 olom e

E {kpct

Fig. 3. The same as Fig. 2 with distances by Cahn et al.
(1992).



Four (other) Galaxies
Optical+HI rotation curves
from Kent, S. M. 1987 ApJ

In other Galaxies,
rotation curves have been
observed from HI gas

profiles and from (sometimes) #———————,

optical profiles.

In general, rotation curves
are more or less flat,
requiring an ~ log(r) potential
halo component out to a

few times the radius of the
visible (optical) disk light.

NGC 5033 |
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20f 4
Lis b
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I;f)cseglt Xue, X. et al. 2008: SDSS BHB stars and model

work by
Xue, Rix
et al. on

kinematics
of BHB __ *%°

stars '

in the oufer
halo gived 4,
us a 0
new
handle
on what 100
the rotation

curve may
look like. | | , | . . . |

0 20 40 60
This analysis 1s somewhat " (ke)
model dependent, and assumes that the BHB stars in the halo have 'relaxed'.
Using this data on the Milky Way rotation curve, we are ready to fit orbits...
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rotation curve bosed on Jeans Eq. with B = 0.37 = ===
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Tracer star orbits within a 'log r' potential (Toto, we're not in Kepler's
have a characteristic 'trefoil' shape: Solar system any more)

Fellhauer et al.

T T T T | T T T | T T T | T T T | T T T | T T T | T
60 Internal dispersion within a tidal dwarf
i stream gives the orbit 'thickness', and it
- deviates from the central thin orbit track.
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Halo stars 1n tidal streams are excellent tracer objects,
because, 1n addition to position (and a single velocity),

one has a whole set of velocities along the stream which help
to uniquely map out the orbit of the stream embedded within
the Milky Way's Potential.

¢ F stars
at 10-20 kpc
from Sun.

Center
of plot is
North
Galactic
Pole.

Let's analyze a halo stream....

Another view of the “Field of Streams”



First stream to try: Grillmair-Dionatos (2006) stream.
It's nearby (~8 kpc from Sun), very thin and moving fast...




We geometrically distort the sky so that the
stars 1n the stream lie along a straight line (easier
to pick them out then).
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Extract star candidates with SEGUE s‘p
GD stream candidates with —2.3 < [Fe/H] < —1
the stream.

Compare velocities with other halo stars....

ectra alon%5

Galaptic Ro'tation

Notice the 'counter rotation"
of stars 1n the stream!

T2 5 4 o b

160 140 120 100
Galactic Longitude (I)
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The Method to constraining the Dark Matter Potential of the Milky Way
with SEGUE/SDSS data:

1. Identify a star stream photometrically, use photometric parallax for
distances (x,y,z).

2. Isolate the stream, get as many spectra along the stream as possible,
use metallicity and spectral type to help.

3. Get the velocities of the stream stars (v_parallel),
and maybe proper motions (v_perp x2).

3. Model the stream, assuming 'Generic halo parameters' initially:
Spherical Halo, Flat Rotation curve with v_c,max = 220 km/s to 50 kpc.

4. Get a Chi-sq for the model, tweak the halo parameters (and disk/bulge),
and iterate back to step 3.

5. With best fit parameters, generate a N-body model to correct for
the fact that the central orbit doesn't follow the actual orbit exactly.

6. Iterate if necessary. {NEW, more direct method: see Eyre and Binney 2009}



Here's the orbit for the Grillmair-Dionatos stream (note retrograde):
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Willett et al. 2009
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proper
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Koposov,
Rix and
Hogg 2009
have fit
stream too,
find

q phi>0.9



F stars
at 15-30 kpc
from Sun.

Center
of plot 1s
North
Galactic
Pole.

Let's Try and another stream,
the “elephant in the sky.'

Sagittarius,



We have
SEGUE
velocities,
we can show
that both
branches
of the Sgr
stream are
moving in
the same

direction.
1495

1.e. We
don't have
a leading and
trailing tail
in the two bramshes.
Both are moving
together.

165

345

Direction
of Motion
of Sgr stream.

315

1=255 %> Yanny, Newberg et al. 2009



Wealso ~°[

know i

that the -
— 5[_] L

Sgr stream E:
arcs over g‘ |
and beyond ©.

thesun. ~*° [
Relatively i

Sgr Leadlng Tall-

few stars g C | pliai
5 O TP . .

from Sgr | Galactic Plane . - %W
are 'raining i LR B
ontop of *° [ % S .
the sun. _ Sgr Trailing Tail -+ South
Rather, g i ' '
they crossg °° [

g §
the planex §
in the B R S
anti-center ~75 —50 —25 0 25 50
at X=-20 kpc or so. B

P X gon.cc= 0.998X + 0.066Y kpc

Sun

Thus,
there
should

be no
strong
Dark
Matter
lumps

due

to Sgr

at the Sun.
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THIS Axisymmetric MODEL DOESN'T FIT the Velocity

Data for Sagittarius! leading tail. orbital o,
S

From Law, |
Johnston and AL
Majewski |
2005. 3 A
- Galactic | & G.C. =/ 5gr. dSph
g O ~HEiEdage N ~“PBane Ea s —
:Ha"u‘
. Trailing debris x
50 -
L | 1 | | 1 | | 1 I | 1 L
-100 -50 0



gsr

| I I | | I e I | I b IL'D'H ":"E!tﬂ| IEHESI

x « 5gr BHBs
-] . . ' o * « Sgr M giants
Q "o o L =
Y . . . . W
q:125 ., ;' C '.H.' :)éﬁl xm}“I H:{w
B (leading :- :Cx “ i}c :.: ““x";’* .ﬂ:; % ]
-
-
«q=0.9
(trailing
model)
Q
Q
ETJ -
:
] | | 1 ] ] | | 1 | ] 1 | 1 “ | ] 1
300 200 100 0

The problem i1s that the leading tail velocities are 'too flat'. A prolate axi-syn
halo is required for leading tail and an oblate/spherical halo for the trailing.



If you relax the axisymmetric assumption, and give

the Milky Way a triaxial halo, rotating about it's

middle-length axis, then you can fit both the positions ands

the velocities simultaneously. ( Law, Johnston, Majewski 2009)
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The problem 1is:
That solution

1S unstable,

the triaxial
halo will
tumble

and cause

all sorts of
visible warp
effect in the
Milky Way disk
on short
timescales.



So, after fitting two stream's worth of data,
we find ourselves in the same position as Goldilocks,
having tried out the too small chair and the too big chair...

Grillmair-Dionatos Stream: q halo=1+/-0.4.
--small range 1n distances from the sun (Galactic center)

of about 7-10 kpc (at least where we can see it).
Stream 1s too limited in extent on the sky.

Sagittarius Stream: Too complicated! Big mess on the sky.
Collision? More sophisticated models needed.
Hint that triaxial halo 1s needed (Law et al 2009),

but that triaxial model rotates about
it's 'middle length axis'...and that is unstable (Binney 1981).

[s there another stream that's “just right'?



(Sgr stream)

315
Virgo Overdensity

105

285

1=255



The Orphan
Stream 1n

(1,b) rectangular
coordinates.
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We extract streamg
member stars To fit for
along the stream q, we need
with accurate streams
positions, Z : in different
velocities, f : parts of
and distances: @*F the sky to

8B fit

o | simultaneously.
To these we 3 | This is future
fit a set of work (Willett
Potential models, 8} et al. 2010
varying 3 in prep).
the strength g9
of the potential ~ ¢ Thus, g=1.0
and form of of assumed
the potential (NFW ., here and not

vs. logarithmic) 0 fit.
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Black 'center
of orbit' track
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Once we

have a potential
that fits

the 'thin narrow
orbit', we run
an N-body
code which
tracks the
'finite internal
dispersion of
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The N-body density match to the data 1s excellent!
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The outer rotation curve data

' X. Xue et al. (2008) data
gl % Yoo ot ol (2008) is also well fit by the lighter halo. -

Koposov, Rix, & Hogg (2009
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So the new conclusion is:

The Milky Way's dark matter halo component,
as probed by the Orphan stream at distances of
20-40 kpc from the Sun (and Galactic center)

Is about 0.5 to 0.75 as massive than previously
thought (though earlier constraints were weak).

The total mass of the Milky Way, out
to R= 60 kpc from the Galactic center
Is about 0.3 Trillion solar masses:

The error bar 1s significant, about 40% currently,

but we hope to reduce that. Still, this 1s at least a factor

of 2 less than most earlier 'Mass of the Galaxy' measurements
from PN, HII, LMC orbit, escaping stars estimates

(which come 1n at about 1 Trillion M_sol).

Newberg, Willett, Yanny 2009 ApJ in prep.



Odenkirchen et al. 2009
actually also found

data consistent with
this very same

result (very low E
dark halo mass) Whenf
analyzing the
kinematics of the

Pal 5 tidal stream.

They attribute it,
however,

to a geometric effect
of the stream's
orientation along
the line of sight.

v, [km/s]

We suggest that
a lighter halo 1s
the simpler explanation.
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Some Conclusions about the Dark Matter in our
Halo from SEGUE data (so far):

*Based on the Orphan stream run of velocity and distance
vs. position, the total amplitude of the halo portion of

the Galactic potential appears to be somewhat smaller
than previously expected, implying as much as a

factor of 2 less total mass to the Dark Matter halo.

*Any dark matter enhancement from the Sgr stream in the

solar neighborhood is likely to be negligible — The stellar portion
of the stream arcs over the sun and passes through the plane
at R=20 kpc toward the anti-center (Sun is at R=8 kpc).

*Constraints on 'q' the flattening of the halo are still to come, but
they are likely in the range 0.6 < q_density < 1.3, with a
nearly spherical halo not ruled out.

*There may be some triaxiality to the halo — but how much,
and how it is oriented, is not yet clear. More stream analysis needed!
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There may

in fact be

a slightly

triaxial dark halo,
and there appears to
be a triaxial stellar spheroid.
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0 ; I i 1 y I P I

=60~ Star counts along two
symmetrical sightlines should
® GC be the same in an axisymmetric
, Galaxy.
=300 = -60°
Observations show they are not:

The asymmetry
appears 8| L
to be due to :

a combination - ) E N
of a triaxial (o)=(00r. %)
stellar spheroid
and sub-structure
lumps: Sgr stream ;
and Virgo Overdensity
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