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2 Bar, Danieli & Blum

Figure 1. Left: Reproduction of V-band data obtained in Danieli et al. (2022) using Hubble Space Telescope WFC3/UVIS
camera, containing UDG1 and a nearby field (post-selection criteria described in Danieli et al. (2022)). Circles represent 2re↵
and 3re↵ of the stellar light profile, with re↵ the Sérsic radius. Right: A scatter plot of objects from the left panel, divided into
magnitude bins. The magnitude bins for objects at mV < 25.0 mag are relatively clean from background contamination. In
comparison, contamination is significant for the bin 25.0 < mV < 26.5 mag. In our main analysis, we primarily use the r < 2re↵
data of the mV < 25.0 mag bins. We present a preliminary analysis of the 25.0 < mV < 26.5 mag bin in App. D, showing that
the faint objects also exhibit radial clustering above the background, comparable to the stellar body.

The left panel of Fig. 1 shows the V -band Hubble61

Space Telescope (HST) WFC3/UVIS image of UDG162

and its nearby field, adapted from Danieli et al. (2022).63

The right panel shows all compact sources that were64

selected as GC candidates based on the photometric se-65

lection criteria in Danieli et al. (2022). In this work we66

focus on a low contamination sample of GC candidates,67

consisting of the 33 mV < 25.0 mag objects contained68

within 2re↵ (twice the Sérsic half-light radius of the stel-69

lar body; inner circle in Fig. 1), which has a background70

contamination of about 1 object, estimated by compar-71

ison to the nearby field (Danieli et al. 2022). Spectroc-72

scopic information is available for 11 of these bright GCs73

(Müller et al. 2020).74

It is noteworthy that most of the brighter GCs in75

the right panel of Fig. 1 are concentrated in the region76

r < re↵ . To explore this further, in Fig. 2 we show the77

luminosity of this sample of GCs vs. their projected dis-78

tance from the center of the galaxy. The data shows a79

clear trend: more luminous GCs are on average closer80

to the center of the galaxy. We estimate a p-value81

of about 1% for the hypothesis that the data is82

a chance fluctuation and that there is no mass83

segregation (see App. A). This luminosity or mass84

segregation calls for a quantitative dynamical explana-85

tion.86

In this paper we show that this explanation can be87

naturally provided by dynamical friction. The deceler-88

ation experienced by a GC due to dynamical friction in89

a galactic halo is roughly proportional to the GC mass90

m?. Therefore, more massive GCs inspiral closer to the91

center of the galaxy, resulting in mass segregation. This92

simple picture can be expected to hold over an interme-93

diate duration of time: long enough to enable dynamical94

friction to act, but short enough so that GC mergers do95

not convert a large fraction of the total mass in GCs into96

a nuclear cluster. As we will demonstrate, using more97

detailed analytic estimates as well as a suite of numeri-98

cal simulations, UDG1 as we view it today may indeed99

be in this intermediate stage.100

The paper is organized as follows. In Sec. 2 we dis-101

cuss dynamical e↵ects that shape the GC population in102

UDG1 and similar galaxies. In Sec. 3 we recapitulate103

observational studies of UDG1, and define benchmark104

mass models. In Sec. 4 we set up and study N-body105

simulations, in which some dynamical e↵ects (notably106

dynamical friction and GC mass loss) are modeled semi-107
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Where does it end?

Cosmic neighbors: 
        

         MW-M31 distance ~ 770 kpc

ρm ≈ 0.3 ρc ≈
1012 M⊙

(3 Mpc)3



Where does it end?

Cosmic expansion:

0

Freedman & Madore, Ann. Rev. A&A, vol. 48, p.673-710
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Figure 10
Graphical results of the Hubble Space Telescope Key Project (Freedman et al. 2001). (Top) The Hubble
diagram of distance versus velocity for secondary distance indicators calibrated by Cepheids. Velocities are
corrected using the nearby flow model of Mould et al. (2000). Dark yellow squares, Type Ia supernovae;
filled red circles, Tully-Fisher (TF) clusters (I-band observations); blue triangles, fundamental plane clusters;
purple diamonds, surface brightness fluctuation galaxies; open black squares, Type II supernovae. A slope of
H o = 72 ± 7 km s−1 Mpc−1 is shown (solid and dotted gray lines). Beyond 5,000 km s−1 (vertical dashed line),
both numerical simulations and observations suggest that the effects of peculiar motions are small. The Type
Ia supernovae extend to about 30,000 km s−1, and the TF and fundamental plane clusters extend to velocities
of about 9,000 and 15,000 km s−1, respectively. However, the current limit for surface brightness
fluctuations is about 5,000 km s−1. (Bottom) The galaxy-by-galaxy values of Ho as a function of distance.

We update this analysis using the new HST-parallax Galactic calibration of the Cepheid zero
point (Benedict et al. 2007) and the new supernova data from Hicken et al. (2009). We find
a similar value of Ho, but with reduced systematic uncertainty, of Ho = 73 ± 2 (random) ±
4 (systematic) km s−1 Mpc−1. The reduced systematic uncertainty, discussed further in Section 4.1
below, results from having a more robust zero-point calibration based on the Milky Way Galaxy
with comparable metallicity to the spiral galaxies in the HST Key Project sample. Although, the
new parallax calibration results in a shorter distance to the LMC (which is no longer used here
as a calibrator), the difference in Ho is nearly offset by the fact that no metallicity correction is
needed to offset the difference in metallicity between the LMC and calibrating galaxies.
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Where does it end?

Cosmic expansion:

V = ΩR ⟶ V2 =
GM
R (1 −

R3

R3
c )

Rc = ( GM
H2

0 )
1
3

≈ 0.9 ( M
1012 M⊙ )

1
3

( 10−29 g/cm3

ρc )
1
3

Mpc

Expansion modifies law of rotation around a point mass M:

Ω2 =
GM
R3 (1 −

H2
0 R3

GM )
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Figure 10
Graphical results of the Hubble Space Telescope Key Project (Freedman et al. 2001). (Top) The Hubble
diagram of distance versus velocity for secondary distance indicators calibrated by Cepheids. Velocities are
corrected using the nearby flow model of Mould et al. (2000). Dark yellow squares, Type Ia supernovae;
filled red circles, Tully-Fisher (TF) clusters (I-band observations); blue triangles, fundamental plane clusters;
purple diamonds, surface brightness fluctuation galaxies; open black squares, Type II supernovae. A slope of
H o = 72 ± 7 km s−1 Mpc−1 is shown (solid and dotted gray lines). Beyond 5,000 km s−1 (vertical dashed line),
both numerical simulations and observations suggest that the effects of peculiar motions are small. The Type
Ia supernovae extend to about 30,000 km s−1, and the TF and fundamental plane clusters extend to velocities
of about 9,000 and 15,000 km s−1, respectively. However, the current limit for surface brightness
fluctuations is about 5,000 km s−1. (Bottom) The galaxy-by-galaxy values of Ho as a function of distance.

We update this analysis using the new HST-parallax Galactic calibration of the Cepheid zero
point (Benedict et al. 2007) and the new supernova data from Hicken et al. (2009). We find
a similar value of Ho, but with reduced systematic uncertainty, of Ho = 73 ± 2 (random) ±
4 (systematic) km s−1 Mpc−1. The reduced systematic uncertainty, discussed further in Section 4.1
below, results from having a more robust zero-point calibration based on the Milky Way Galaxy
with comparable metallicity to the spiral galaxies in the HST Key Project sample. Although, the
new parallax calibration results in a shorter distance to the LMC (which is no longer used here
as a calibrator), the difference in Ho is nearly offset by the fact that no metallicity correction is
needed to offset the difference in metallicity between the LMC and calibrating galaxies.
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Dark matter
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Dark matter

95%



Dark matter

95%



Dark matter

At ~300 kpc:    

M(DM)/M(stars) ~ 10 

At ~30 kpc:    

M(DM)/M(stars) ~ 1 



How does this fit into the big picture?
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How does this fit into the big picture?

Map d = 400 kpc (today) into  near : 

 

 

Δz z ∼ 0

Δη = c∫
t2

t1

dt′ 

a(t′ )
= c∫

z+Δz

z

dz′ 

H(z′ )
≈

c
H0 ∫

z+Δz

z

dz′ 

ΩΛ + (1 + z′ )3Ωm

≈
cΔz

H0 ΩΛ + (1 + z)3Ωm

≈ 400 kpc
Δz

10−4

~80 Mpc



Map d = 1 Mpc (today) into  near : 

 

 

Δz z ∼ 0

Δη = c∫
t2

t1

dt′ 

a(t′ )
= c∫

z+Δz

z

dz′ 

H(z′ )
≈

c
H0 ∫

z+Δz

z

dz′ 

ΩΛ + (1 + z′ )3Ωm

≈
cΔz

H0 ΩΛ + (1 + z)3Ωm

≈ 1 Mpc
Δz

2.5 × 10−4



Fornax dwarf spheroidal, satellite galaxy of the Milky Way

~1 kpc



Data from: Read, Walker, Steger, 1808.06634
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Wang et al (DES), The Astrophysical Journal, 881:118, 2019

~2 kpc

What is observed: 
1. Line-of-sight velocities 
2. Column density of stars
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Data from: Read, Walker, Steger, 1808.06634
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∫ d3p vj ( ∂f
∂t

+ vi
∂f
∂xi

−
∂Φ
∂xi

∂f
∂vi ) =

∂
∂t (nv̄j) +

∂
∂xi

(nvivj) + n
∂Φ
∂xj

= 0

nvivj(x) = ∫ d3p vi vj f(x, v)

df
dt

=
∂f
∂t

+ ·xi
∂f
∂xi

+ ·pi
∂f
∂pi

=
∂f
∂t

+ vi
∂f
∂xi

−
∂Φ
∂xi

∂f
∂vi

= 0



Data from: Read, Walker, Steger, 1808.06634
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= 0

Assume steady state
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r − v2
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2nβv2
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r

β = 1 −
v2
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2v2
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→
GM(r)

r2

Data from: Read, Walker, Steger, 1808.06634

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

Wang et al (DES), The Astrophysical Journal, 881:118, 2019

Spherical symmetry

∂
∂t (nv̄j) +

∂
∂xi

(nvivj) + n
∂Φ
∂xj

= 0

Assume steady state



∂
∂xi

(nvivj) →
∂
∂r (nv2

r ) + n
2v2

r − v2
t

r
=

∂
∂r (nv2

r ) +
2nβv2

r

r

β = 1 −
v2

t

2v2
r

∂Φ
∂xj

→
GM(r)

r2

Data from: Read, Walker, Steger, 1808.06634

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

Wang et al (DES), The Astrophysical Journal, 881:118, 2019

Spherical symmetry

∂
∂t (nv̄j) +

∂
∂xi

(nvivj) + n
∂Φ
∂xj

= 0

Assume steady state

1
n

d
dr (nv2

r ) +
2β
r

v2
r = −

GM(r)
r2

Jeans equation
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1
n

d
dr (nv2

r ) +
2β
r

v2
r = −

GM(r)
r2

If  is constant in :             β r nv2
r =

G
r2β ∫

∞

r
dyy2β−2n(y)M(y)
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GM(r)
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If  is constant in :             β r nv2
r =

G
r2β ∫

∞

r
dyy2β−2n(y)M(y)

What is actually observed — line-of-sight velocity: σ2
LOS(r) =
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y2 ) y nv2
r (y)

y2 − r2
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I(r) =
L

πr2
p (1 + r2

r2
p )

2
n(r) =

3(L/l)

4πr3
p (1 + r2

r2
p )

5
2

rp = 0.83 ± 0.02 kpc
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NFW, astro-ph/9508025

nv2
r =

G
r2β ∫

∞

r
dyy2β−2n(y)M(y)

ρ(r) =
ρs

r
rs (1 + r

rs )
2

E.g., Navarro-Frenk-White (NFW):

σ2
LOS(r) =

2l
I(r) ∫

∞

r
dy (1 −

βr2

y2 ) y nv2
r (y)

y2 − r2

Data from: Read, Walker, Steger, 1808.06634

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]



Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

nv2
r =

G
r2β ∫

∞

r
dyy2β−2n(y)M(y)

ρ(r) =
ρs

r
rs (1 + r

rs )
2

M(r) = 4πρsr3
s (ln (1 +

r
rs ) −

r
r + rs )

rs = 2 kpc, ρs = 1.2 × 107 M⊙

kpc3

Data from: Read, Walker, Steger, 1808.06634

E.g., Navarro-Frenk-White (NFW):

σ2
LOS(r) =

2l
I(r) ∫

∞

r
dy (1 −

βr2

y2 ) y nv2
r (y)

y2 − r2



Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

nv2
r =

G
r2β ∫

∞

r
dyy2β−2n(y)M(y)

ρ(r) =
ρs

r
rs (1 + r

rs )
2

M(r) = 4πρsr3
s (ln (1 +

r
rs ) −

r
r + rs )

rs = 2 kpc, ρs = 1.2 × 107 M⊙

kpc3

Data from: Read, Walker, Steger, 1808.06634

E.g., Navarro-Frenk-White (NFW):

σ2
LOS(r) =

2l
I(r) ∫

∞

r
dy (1 −

βr2

y2 ) y nv2
r (y)

y2 − r2

β = 0

β = + 0.2

β = − 0.2



~1 kpc

nv2
r =

G
r2β ∫

∞

r
dyy2β−2n(y)M(y)

ρ(r) =
ρs

r
rs (1 + r

rs )
2

M(r) = 4πρsr3
s (ln (1 +

r
rs ) −

r
r + rs )

rs = 2 kpc, ρs = 1.2 × 107 M⊙

kpc3

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

, R200 ≈ rs ( ρs

200ρc )
1
3

≈ 16 kpc M200 ≈ 1.6 × 109 M⊙

M(2 kpc) ≈ 2.3 × 108 M⊙ // 16000

Data from: Read, Walker, Steger, 1808.06634

E.g., Navarro-Frenk-White (NFW):

σ2
LOS(r) =

2l
I(r) ∫

∞

r
dy (1 −

βr2

y2 ) y nv2
r (y)

y2 − r2



~1 kpc

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

de Boer et al (A&A 544, A73 (2012)) — stellar population synthesis: 

Total stellar mass 

This means: 

 

    

M(rs ≈ 2 kpc)
M*

≈ 5.3

M(R200 ≈ 16 kpc)
M*

≈ 37

M* ≈ 4.3 × 107 M⊙

Data from: Read, Walker, Steger, 1808.06634



core / cusp

ρNFW =
ρs

r
rs (1 + r

rs )
2

ρBurkert =
ρ0

(1 + r
r0 ) (1 + r2

r2
0 )

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]
σ L
O
S
[k
m
/s
]

McGaugh et al 2001,  
Gored et al 2006, 
de Blok 2010, 
Teyssier et al 2013, 
Del Popolo & Face 2015, 
Bullock & Boylan-Kolchin, 2017, 
Meadows et al, 2019, 
Santos-Santos et al 2020,…



ρNFW =
ρs

r
rs (1 + r

rs )
2

ρBurkert =
ρ0

(1 + r
r0 ) (1 + r2

r2
0 )

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]
σ L
O
S
[k
m
/s
]

0.1 0.5 1 5 10

105

106

107

108

r
ρ

r [kpc]
ρ

[M
⊙

/k
pc

3 ]

core / cusp



ρNFW =
ρs

r
rs (1 + r

rs )
2

ρBurkert =
ρ0

(1 + r
r0 ) (1 + r2

r2
0 )

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]
σ L
O
S
[k
m
/s
]

0.1 0.5 1 5 10 50 100

106

107

108

109

r
M

M
[M

⊙
]

r [kpc]

core / cusp



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0

10

20

30

40

50

60

70

stars
gas

Hydrogen gas in the dwarf galaxy UGC 1281 3447

Figure 2. Continuum image in the red from the DSS 2 overlaid with contours of our integrated H I flux map of UGC 1281 (see text). The black contours are
the same as in Fig. 1. The red contour indicates the 3σ contour of the WHISP observations.

The first thing we see from Fig. 1 is that the ionized hydro-
gen is mostly located in five or six distinct peaks but that there
is low-level emission almost everywhere in the central field of
view. The distinct peaks can most likely be associated with large
H II regions in the galaxy whereas the low-level emission is in-
dicating a diffuse ionized component. The two innermost peaks
at the north-east (NE) and south-west (SW) sides of the centre
of the galaxy might be caused by a ring-like structure or central
depression in the distribution. This seems to be implied by their
equal distance from the centre; however, they could also be normal
H II regions.

A warp is clearly seen in the H II regions as well as the diffuse
emission. The peak of the emission starts to deviate from the major
axis at a radial distance of ∼50 arcsec (1.3 kpc). In the SW of the
galaxy we see an exception to this behaviour with a large ionized
hydrogen peak below the major axis, where the diffuse emission
still seems to be mostly on the major axis. This seems to indicate an
H II region that is either somewhat offset from the plane or located
on the outskirts of the galaxy. If the warp is partially along the line
of sight, the outer parts will not only experience a change in position
angle but also in inclination. Thus if this H II region is located on
the outskirts of the galaxy, its position can be in the (warped) plane
of the galaxy.

The Hα distribution could, in theory, be severely affected by
internal dust extinction, especially in the edge-on orientation. How-
ever, in the case of UGC 1281 this seems unlikely because no
clear dust lane can be observed in the HST imaging of UGC 1281
(Bomans & Weis 2008) and dwarf galaxies are expected to have a
low metallicity (Pilyugin, Contini & Vı́lchez 2004) and therefore
little dust content. The reddish colour of UGC 1281 (Makarova &
Karachentsev 1998) is most likely caused by the absence of a large
young stellar population. This once more confirms the idea that
UGC 1281 has a low SFR.

In our data the maximum distance to the mid-plane where diffuse
gas is still detected is ∼25 arcsec (0.65 kpc). This is similar to
the extent of the stars [ 1

2 d25,minor = 18 arcsec, van Zee (2000);
1
2 d25,minor = 23 arcsec, de Vaucouleurs et al. (1992)]. If we fit an
exponential to the inner vertical intensity profile of the ionized gas
we find a scaleheight of 8.5 arcsec (0.22 ± 0.03 kpc) assuming that
the galaxy is seen perfectly edge-on. When we follow the same

procedure for the continuum emission in our spectra and an I-band
image1 we find a scaleheight of 7.6 arcsec (0.20 ± 0.01 kpc) and
8.0 arcsec (0.21 ± 0.01 kpc), respectively.

3.1.2 H I distribution

Fig. 2 shows the DSS 2 red image of UGC 1281 overlaid with the
contours of our integrated H I flux map. This H I map was con-
structed by adding all the channels of the Circular Beam data
cube. To keep the addition of noise to a minimum, only regions
that are above 3σ in the low-resolution cube (see Table 2) were
considered.

From Fig. 2 we can see that the H I of UGC 1281 is at first glance
quite symmetrically and evenly distributed. However, a closer look
reveals asymmetries and peculiarities in the H I distribution. It warps
away from the major axis at about 90 arcsec (2.4 kpc) on the south-
west and at about 100 arcsec (2.6 kpc) on the north-east. The warp
initially shows the normal S-shape observed in many edge-on galax-
ies (Garcı́a-Ruiz, Sancisi & Kuijken 2002) but bends back to the
plane of the inner disc at larger radii. This behaviour is seen es-
pecially at the south-west side, at a radial offset of ∼200 arcsec.
This warp was already observed by Garcı́a-Ruiz et al. (2002) in the
WHISP observations of this galaxy (van der Hulst, van Albada &
Sancisi 2001).

When we compare the lowest contour in the integrated moment
map of the WHISP observations with our own (see Fig. 2, red
contour), we see that in our observations more emission is detected
in the radial as well as in the vertical direction. The growth in both
directions is similar in extent and this indicates that even with our
deep observations we might not be detecting the lowest levels of
emission of this galaxy.

Furthermore, the H I distribution displays a central depression.
This depression appears as a ring around the centre of the galaxy
and ranges from 10 to 40 arcsec (0.26–1.05 kpc) radial offset from
the centre of the galaxy. It appears to be symmetrical around the
centre of the galaxy.

1 Obtained through the NASA extragalactic data base.
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Figure 3. Intensity profiles of the observed H I. Left-hand figure: vertical
intensity profile, averaged over the inner 100 arcsec in the radial direction and
normalized to the peak intensity. Right-hand figure: radial intensity profile,
averaged over the inner 40 arcsec of the galaxy in the vertical direction.
Black line: data, Green squares: best-fitting model, Red diamonds (blue
triangles): best-fitting model with a scaleheight −2 arcsec (+4 arcsec) (see
Section 4). Blue dotted–dashed line: beam.

The H I in UGC 1281 shows significant extensions away from the
major axis. The H I extends up to 70 arcsec (1.8 kpc) on both sides
of the plane at column densities NH I = 4.0 × 1019 cm−2 (3σ ). This
extent is much more than the FWHM of the beam (26 arcsec) which
is clearly seen in Fig. 3. This figure shows the vertical distribution
of the data (black solid line) and a Gaussian (blue dot–dashed line)
with an FWHM of 26 arcsec. Both are normalized to the maximum
of the data. In this figure it is easily observed that the wings of the
data are much more extended than the observational beam.

3.2 Velocity distribution

3.2.1 Hα velocities

Fig. 4 shows the velocity field of the PPAK observations. This ve-
locity field was obtained by taking the peak position of the Gaussian
fitted to each bin (see Section 3.1.1). This is by no means equal to
the actual deprojected maximum rotational velocity in the galaxy
but it is an apparent mean velocity determined by a combination of
the rotational velocity, the density distribution of the ionized gas,

Figure 5. Velocities along the major axis. The left-hand panel shows the
Hα velocities: black symbols are the PPAK data presented in this paper,
blue symbols are the data obtained by Kuzio de Naray et al. (2006). The
right-hand figure shows H I velocities: black symbols are the H I, the blue
line shows the velocities obtained from the model. The red lines are the input
unprojected rotation curves of the best-fitting models described in Section 4.
The arrows indicate the positions of the velocity cuts parallel to the minor
axis in Fig. 6.

and the opacity of the dust. From here on whenever we mention ve-
locity we are referring to this mean velocity unless otherwise noted.
The Gaussian fitting procedure, and therefore the mean velocity,
was chosen because with a channel separation of 70 km s−1 it is
impossible to confidently fit the intrinsic shape of the emission line.

Fig. 5 (left) shows a cut 10-arcsec wide of the velocity field along
the major axis. Overplotted are the velocities obtained by Kuzio de
Naray et al. (2006) with the DensePAK IFU (blue symbols) and the
rotation curve obtained from the modelling (see Section 4). Kuzio
de Naray et al. (2006) were not able to trace emission as far out in
radius with their observations. Since their exposure time and fibre
size is equal to ours this is most likely caused by the fact that they
do not bin the data and the lower sensitivity of the DensePak IFU.
The velocities obtained by Kuzio de Naray et al. (2006) agree well
with our values, which assures us that there are no systematic errors
in our reduction or the Gaussian fitting procedure.

In this plot we see clearly that the part of the galaxy observed in
our Hα field of view is still resembling a slow rising rotation curve
that indicates solid body rotation. This behaviour of the rotation

Figure 4. Velocity field of the ionized gas. The field was constructed by taking the central position of the fitted Gaussian in all the binned spectra. The systemic
velocity (Vsys = 156 km s−1) has been set to 0. The separate pixels show the fibre positions and the colours run from −60 to 60 km s−1. The arrows indicate
the positions of the velocity cuts parallel to the minor axis in Fig. 6.
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Figure 2. Continuum image in the red from the DSS 2 overlaid with contours of our integrated H I flux map of UGC 1281 (see text). The black contours are
the same as in Fig. 1. The red contour indicates the 3σ contour of the WHISP observations.

The first thing we see from Fig. 1 is that the ionized hydro-
gen is mostly located in five or six distinct peaks but that there
is low-level emission almost everywhere in the central field of
view. The distinct peaks can most likely be associated with large
H II regions in the galaxy whereas the low-level emission is in-
dicating a diffuse ionized component. The two innermost peaks
at the north-east (NE) and south-west (SW) sides of the centre
of the galaxy might be caused by a ring-like structure or central
depression in the distribution. This seems to be implied by their
equal distance from the centre; however, they could also be normal
H II regions.

A warp is clearly seen in the H II regions as well as the diffuse
emission. The peak of the emission starts to deviate from the major
axis at a radial distance of ∼50 arcsec (1.3 kpc). In the SW of the
galaxy we see an exception to this behaviour with a large ionized
hydrogen peak below the major axis, where the diffuse emission
still seems to be mostly on the major axis. This seems to indicate an
H II region that is either somewhat offset from the plane or located
on the outskirts of the galaxy. If the warp is partially along the line
of sight, the outer parts will not only experience a change in position
angle but also in inclination. Thus if this H II region is located on
the outskirts of the galaxy, its position can be in the (warped) plane
of the galaxy.

The Hα distribution could, in theory, be severely affected by
internal dust extinction, especially in the edge-on orientation. How-
ever, in the case of UGC 1281 this seems unlikely because no
clear dust lane can be observed in the HST imaging of UGC 1281
(Bomans & Weis 2008) and dwarf galaxies are expected to have a
low metallicity (Pilyugin, Contini & Vı́lchez 2004) and therefore
little dust content. The reddish colour of UGC 1281 (Makarova &
Karachentsev 1998) is most likely caused by the absence of a large
young stellar population. This once more confirms the idea that
UGC 1281 has a low SFR.

In our data the maximum distance to the mid-plane where diffuse
gas is still detected is ∼25 arcsec (0.65 kpc). This is similar to
the extent of the stars [ 1

2 d25,minor = 18 arcsec, van Zee (2000);
1
2 d25,minor = 23 arcsec, de Vaucouleurs et al. (1992)]. If we fit an
exponential to the inner vertical intensity profile of the ionized gas
we find a scaleheight of 8.5 arcsec (0.22 ± 0.03 kpc) assuming that
the galaxy is seen perfectly edge-on. When we follow the same

procedure for the continuum emission in our spectra and an I-band
image1 we find a scaleheight of 7.6 arcsec (0.20 ± 0.01 kpc) and
8.0 arcsec (0.21 ± 0.01 kpc), respectively.

3.1.2 H I distribution

Fig. 2 shows the DSS 2 red image of UGC 1281 overlaid with the
contours of our integrated H I flux map. This H I map was con-
structed by adding all the channels of the Circular Beam data
cube. To keep the addition of noise to a minimum, only regions
that are above 3σ in the low-resolution cube (see Table 2) were
considered.

From Fig. 2 we can see that the H I of UGC 1281 is at first glance
quite symmetrically and evenly distributed. However, a closer look
reveals asymmetries and peculiarities in the H I distribution. It warps
away from the major axis at about 90 arcsec (2.4 kpc) on the south-
west and at about 100 arcsec (2.6 kpc) on the north-east. The warp
initially shows the normal S-shape observed in many edge-on galax-
ies (Garcı́a-Ruiz, Sancisi & Kuijken 2002) but bends back to the
plane of the inner disc at larger radii. This behaviour is seen es-
pecially at the south-west side, at a radial offset of ∼200 arcsec.
This warp was already observed by Garcı́a-Ruiz et al. (2002) in the
WHISP observations of this galaxy (van der Hulst, van Albada &
Sancisi 2001).

When we compare the lowest contour in the integrated moment
map of the WHISP observations with our own (see Fig. 2, red
contour), we see that in our observations more emission is detected
in the radial as well as in the vertical direction. The growth in both
directions is similar in extent and this indicates that even with our
deep observations we might not be detecting the lowest levels of
emission of this galaxy.

Furthermore, the H I distribution displays a central depression.
This depression appears as a ring around the centre of the galaxy
and ranges from 10 to 40 arcsec (0.26–1.05 kpc) radial offset from
the centre of the galaxy. It appears to be symmetrical around the
centre of the galaxy.

1 Obtained through the NASA extragalactic data base.
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At ~5 kpc:    

M(DM)/M(stars+gas) ~  
552 − 2 × 202

2 × 202
∼ 3



Dark matter

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0

10

20

30

40

50

60

70

stars
gas

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]



mX

10−21 eV 10−10 M⊙ ∼ 1056 eV10−21 eV

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0

10

20

30

40

50

60

70

stars
gas

Fornax

0 500 1000 1500 2000
0

5

10

15

20

r [pc]

σ L
O
S
[k
m
/s
]

Dark matter



mX

10−21 eV 10−10 M⊙ ∼ 1056 eV10−21 eV

X

106 eV 1012 eV

?



LUX

mX

10−21 eV 10−10 M⊙ ∼ 1056 eV10−21 eV

X

SENSEI

Xenon1T

HESS

Fermi

AMS

Super K

106 eV 1012 eV

“Direct”“Indirect”

?



mX

10−21 eV 10−10 M⊙ ∼ 1056 eV10−21 eV

106 eV 1012 eV

?



mX

10−21 eV 10−10 M⊙ ∼ 1056 eV



mX

10−21 eV 10−10 M⊙ ∼ 1056 eV

Gravity alone



mX

10−21 eV 10−10 M⊙ ∼ 1056 eV

Gravity alone

1. Ultralight dark matter 

2. Beyond mean-field: dynamical friction / heating 

3. Gravitational lensing



mX

10−21 eV 10−10 M⊙ ∼ 1056 eV

Gravity alone

Thank you!



https://simbad.cds.unistra.fr/simbad/sim-basic?Ident=m31&submit=SIMBAD+search

Where does it end?

Cosmic expansion:



https://simbad.cds.unistra.fr/simbad/sim-basic?Ident=m31&submit=SIMBAD+search

Where does it end?

Cosmic expansion:

Rμν −
1
2

gμνR = 8πGTμν

Tμν ≈ gμνρΛ, H2
0 ≈

8π
3

GρΛ

⟶ Rμν −
1
2

gμνR = 3H2
0 gμν

f(r) = 1 −
2
r

− H2
0 r2Solved by:



https://simbad.cds.unistra.fr/simbad/sim-basic?Ident=m31&submit=SIMBAD+search

Where does it end?

Cosmic expansion:

d2xμ

dp2
+ Γμ

αβ
dxα

dp
dxβ

dp
= 0



https://simbad.cds.unistra.fr/simbad/sim-basic?Ident=m31&submit=SIMBAD+search

Where does it end?

Cosmic expansion:

θ =
π
2

= Const, r = R = Const

dφ
dp

= C Ω = Const

dt
dp

= C = Const

(2 − R + H2
0 R3) Ω2 − (1 − H2

0 R3) (2 − R + H2
0 R3)

R3
= 0

Looking for a circular orbit solution:

Leads to:

d2xμ

dp2
+ Γμ

αβ
dxα

dp
dxβ

dp
= 0

The r equation becomes:

Restoring units: Ω2 =
GM
R3 (1 −

H2
0R3

GM )



https://simbad.cds.unistra.fr/simbad/sim-basic?Ident=m31&submit=SIMBAD+search

Where does it end?

Cosmic expansion:

Expansion modifies law of rotation around a point mass M:

Ω2 =
GM
R3 (1 −

H2
0R3

GM )





0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0

10

20

30

40

50

60

70

stars
gas

Hydrogen gas in the dwarf galaxy UGC 1281 3447

Figure 2. Continuum image in the red from the DSS 2 overlaid with contours of our integrated H I flux map of UGC 1281 (see text). The black contours are
the same as in Fig. 1. The red contour indicates the 3σ contour of the WHISP observations.

The first thing we see from Fig. 1 is that the ionized hydro-
gen is mostly located in five or six distinct peaks but that there
is low-level emission almost everywhere in the central field of
view. The distinct peaks can most likely be associated with large
H II regions in the galaxy whereas the low-level emission is in-
dicating a diffuse ionized component. The two innermost peaks
at the north-east (NE) and south-west (SW) sides of the centre
of the galaxy might be caused by a ring-like structure or central
depression in the distribution. This seems to be implied by their
equal distance from the centre; however, they could also be normal
H II regions.

A warp is clearly seen in the H II regions as well as the diffuse
emission. The peak of the emission starts to deviate from the major
axis at a radial distance of ∼50 arcsec (1.3 kpc). In the SW of the
galaxy we see an exception to this behaviour with a large ionized
hydrogen peak below the major axis, where the diffuse emission
still seems to be mostly on the major axis. This seems to indicate an
H II region that is either somewhat offset from the plane or located
on the outskirts of the galaxy. If the warp is partially along the line
of sight, the outer parts will not only experience a change in position
angle but also in inclination. Thus if this H II region is located on
the outskirts of the galaxy, its position can be in the (warped) plane
of the galaxy.

The Hα distribution could, in theory, be severely affected by
internal dust extinction, especially in the edge-on orientation. How-
ever, in the case of UGC 1281 this seems unlikely because no
clear dust lane can be observed in the HST imaging of UGC 1281
(Bomans & Weis 2008) and dwarf galaxies are expected to have a
low metallicity (Pilyugin, Contini & Vı́lchez 2004) and therefore
little dust content. The reddish colour of UGC 1281 (Makarova &
Karachentsev 1998) is most likely caused by the absence of a large
young stellar population. This once more confirms the idea that
UGC 1281 has a low SFR.

In our data the maximum distance to the mid-plane where diffuse
gas is still detected is ∼25 arcsec (0.65 kpc). This is similar to
the extent of the stars [ 1

2 d25,minor = 18 arcsec, van Zee (2000);
1
2 d25,minor = 23 arcsec, de Vaucouleurs et al. (1992)]. If we fit an
exponential to the inner vertical intensity profile of the ionized gas
we find a scaleheight of 8.5 arcsec (0.22 ± 0.03 kpc) assuming that
the galaxy is seen perfectly edge-on. When we follow the same

procedure for the continuum emission in our spectra and an I-band
image1 we find a scaleheight of 7.6 arcsec (0.20 ± 0.01 kpc) and
8.0 arcsec (0.21 ± 0.01 kpc), respectively.

3.1.2 H I distribution

Fig. 2 shows the DSS 2 red image of UGC 1281 overlaid with the
contours of our integrated H I flux map. This H I map was con-
structed by adding all the channels of the Circular Beam data
cube. To keep the addition of noise to a minimum, only regions
that are above 3σ in the low-resolution cube (see Table 2) were
considered.

From Fig. 2 we can see that the H I of UGC 1281 is at first glance
quite symmetrically and evenly distributed. However, a closer look
reveals asymmetries and peculiarities in the H I distribution. It warps
away from the major axis at about 90 arcsec (2.4 kpc) on the south-
west and at about 100 arcsec (2.6 kpc) on the north-east. The warp
initially shows the normal S-shape observed in many edge-on galax-
ies (Garcı́a-Ruiz, Sancisi & Kuijken 2002) but bends back to the
plane of the inner disc at larger radii. This behaviour is seen es-
pecially at the south-west side, at a radial offset of ∼200 arcsec.
This warp was already observed by Garcı́a-Ruiz et al. (2002) in the
WHISP observations of this galaxy (van der Hulst, van Albada &
Sancisi 2001).

When we compare the lowest contour in the integrated moment
map of the WHISP observations with our own (see Fig. 2, red
contour), we see that in our observations more emission is detected
in the radial as well as in the vertical direction. The growth in both
directions is similar in extent and this indicates that even with our
deep observations we might not be detecting the lowest levels of
emission of this galaxy.

Furthermore, the H I distribution displays a central depression.
This depression appears as a ring around the centre of the galaxy
and ranges from 10 to 40 arcsec (0.26–1.05 kpc) radial offset from
the centre of the galaxy. It appears to be symmetrical around the
centre of the galaxy.

1 Obtained through the NASA extragalactic data base.
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Figure 3. Intensity profiles of the observed H I. Left-hand figure: vertical
intensity profile, averaged over the inner 100 arcsec in the radial direction and
normalized to the peak intensity. Right-hand figure: radial intensity profile,
averaged over the inner 40 arcsec of the galaxy in the vertical direction.
Black line: data, Green squares: best-fitting model, Red diamonds (blue
triangles): best-fitting model with a scaleheight −2 arcsec (+4 arcsec) (see
Section 4). Blue dotted–dashed line: beam.

The H I in UGC 1281 shows significant extensions away from the
major axis. The H I extends up to 70 arcsec (1.8 kpc) on both sides
of the plane at column densities NH I = 4.0 × 1019 cm−2 (3σ ). This
extent is much more than the FWHM of the beam (26 arcsec) which
is clearly seen in Fig. 3. This figure shows the vertical distribution
of the data (black solid line) and a Gaussian (blue dot–dashed line)
with an FWHM of 26 arcsec. Both are normalized to the maximum
of the data. In this figure it is easily observed that the wings of the
data are much more extended than the observational beam.

3.2 Velocity distribution

3.2.1 Hα velocities

Fig. 4 shows the velocity field of the PPAK observations. This ve-
locity field was obtained by taking the peak position of the Gaussian
fitted to each bin (see Section 3.1.1). This is by no means equal to
the actual deprojected maximum rotational velocity in the galaxy
but it is an apparent mean velocity determined by a combination of
the rotational velocity, the density distribution of the ionized gas,

Figure 5. Velocities along the major axis. The left-hand panel shows the
Hα velocities: black symbols are the PPAK data presented in this paper,
blue symbols are the data obtained by Kuzio de Naray et al. (2006). The
right-hand figure shows H I velocities: black symbols are the H I, the blue
line shows the velocities obtained from the model. The red lines are the input
unprojected rotation curves of the best-fitting models described in Section 4.
The arrows indicate the positions of the velocity cuts parallel to the minor
axis in Fig. 6.

and the opacity of the dust. From here on whenever we mention ve-
locity we are referring to this mean velocity unless otherwise noted.
The Gaussian fitting procedure, and therefore the mean velocity,
was chosen because with a channel separation of 70 km s−1 it is
impossible to confidently fit the intrinsic shape of the emission line.

Fig. 5 (left) shows a cut 10-arcsec wide of the velocity field along
the major axis. Overplotted are the velocities obtained by Kuzio de
Naray et al. (2006) with the DensePAK IFU (blue symbols) and the
rotation curve obtained from the modelling (see Section 4). Kuzio
de Naray et al. (2006) were not able to trace emission as far out in
radius with their observations. Since their exposure time and fibre
size is equal to ours this is most likely caused by the fact that they
do not bin the data and the lower sensitivity of the DensePak IFU.
The velocities obtained by Kuzio de Naray et al. (2006) agree well
with our values, which assures us that there are no systematic errors
in our reduction or the Gaussian fitting procedure.

In this plot we see clearly that the part of the galaxy observed in
our Hα field of view is still resembling a slow rising rotation curve
that indicates solid body rotation. This behaviour of the rotation

Figure 4. Velocity field of the ionized gas. The field was constructed by taking the central position of the fitted Gaussian in all the binned spectra. The systemic
velocity (Vsys = 156 km s−1) has been set to 0. The separate pixels show the fibre positions and the colours run from −60 to 60 km s−1. The arrows indicate
the positions of the velocity cuts parallel to the minor axis in Fig. 6.
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