
NGC 3198 is a barred spiral galaxy. 
Discovered by William Parsons, 3rd 
Earl of Rosse (Lord Rosse), 
sometime before 1850.
NGC 3198 is located in the Virgo 
Supercluster, and is approximately 
47 million light years (14.5 Mpc) 
away.
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G. Gentile et al.: HALOGAS: Extraplanar gas in NGC 3198

Fig. 12. Azimuthally-averaged surface brightness profiles of the H↵ image (left) and our HALOSTARS r’-band image (right).

Fig. 13. MOND fit of the rotation curve derived in the present
paper, using a distance free within the uncertainties of the
Cepheids method (13.8±1.5 Mpc). The dashed line is the
Newtonian contribution of the gaseous disks (thin disk and ex-
traplanar gas), the dotted line is the Newtonian contribution of
the stellar disk (from de Blok et al. 2008) and the solid line is
the best MOND fit.

fect continuum subtraction, which is irrelevant for this paper),
whereas the r’-band image has some very faint emission out to
⇠6 arcmin, comparable to the extent of the extraplanar gas.

Therefore, we conclude that the extraplanar gas extends
slightly beyond the actively star-forming body of NGC 3198
but its extent is comparable to the extent of the stellar disk.
This extent is also seen in other galaxies with detected extra-
planar gas, e.g. NGC 2403 (Fraternali et al. 2002) and NGC
6946 (Boomsma et al. 2008), and it is expected in galactic
fountain-type models such as the dynamical models presented
by Fraternali & Binney (2006): regardless of the details of the
models, during the initial phases of its motion outside the plane,
the gas moves outwards because of the vertical change in the
gravitational potential. The origin of extraplanar gas in galax-
ies is still not unambiguously assessed (as explained more thor-
oughly in Section 1), but its properties in NGC 3198 are similar
to those derived for other galaxies, e.g. the Milky Way (Marasco

& Fraternali 2011), which were modelled in the framework of
galactic fountain-type models.

5.2. Rotation curve

The rotation curve we find (Fig. 11) is roughly consistent with
the one derived by de Blok et al. (2008) and Begeman (1989).
The former focussed more on the high resolution of their data,
whereas in the present paper the data have a lower angular res-
olution but a higher sensitivity to extended emission. In particu-
lar, we confirm the velocity decrease by 10–15 km s�1 between
200 and 250 arcsec, and we find a meaningful rotation curve out
to (at least) 720 arcsec. The last useful radius is not an unam-
biguous quantity to determine. In order to fully exploit the data,
but at the same time to avoid overinterpreting them, we defined
(rather conservatively) the last reliable radius as the average be-
tween the last radius where the average surface density is above
1 ⇥ 1019 atoms cm�2 (650 arcsec) and the last radius where the
tilted-ring fit on the velocity field converged. At these large radii
(720 arcsec correspond to 48 kpc for a distance of 13.8 Mpc)
there is still no sign of decrease of the rotation curve. Note that
in Begeman (1989) the last few points of the rotation curve were
derived by assuming the same inclination and position angle as
those at a radius of 9.5 arcmin. Moreoever, at these radii in the
receding side, Begeman’s fit to the velocity field is only based
on positions outside the major axis.

5.3. Mass modelling in MOND

The MOND (Modified Newtonian Dynamics) paradigm was in-
troduced by Milgrom (1983) as an explanation (alternative to
dark matter) for the absence of Keplerian decline in the ob-
served kinematics of galaxies. MOND has a remarkable pre-
dictive power on galactic scales (see e.g. Famaey & McGaugh
2012 and references therein), even though on larger scales also
MOND needs some invisible mass. The galaxy studied in the
present paper, NGC 3198, was claimed to show tension with
MOND (Bottema et al. 2002, Gentile et al. 2011). It is an ideal
case study for MOND because of its inclination (perfectly suited
for kinematical studies, see Begeman 1989), its relative close-
ness, the fact that it is a late-type spiral galaxy with regular and
symmetric kinematics, and the accurate determination of its dis-
tance using Cepheids (Kelson et al. 1999, Freedman et al. 2001).
Indeed, the MOND fit is extremely sensitive to the assumed (or
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The latest	astrophysical	constraint	from
dwarf	galaxies	and	star	clusters

§ Microlensing
— Alcock et	al.	2001

— Tisserand et	al.	2007

§ CMB
— Ali-Haïmoud &	Kamionkowski 2016

§ Wide	Binary
— Quinn	et	al.	2009

§ Dwarf	Galaxies
— Brandt	2016,	&	Li	et	al.	2017

Solar mass DM bounds

1067 eV
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The	dwarf	galaxy	constraint	is	reliant	on	several	astrophysical	
assumptions,	likely	to	be	wrong

§ No	central	massive	black	hole
— Kilizman et	al.	2017	found	2200M⨀black	hole	

at	the	center	of	a	star	cluster
— Li	et	al.	2017	show	factor	of	~30	decrease	in	

constraint	if	1500	M⨀ black	hole	in	center

§ Delta	function	IM	MACHO	mass	function
— If	broader	distribution	that	extends	to	∼ M⨀

(Carr et	al.	2016)	then	result	completely	
invalidated

§ Eridanus	II	cluster	assumed	to	be	at	center	of	
the	dark	matter	halo

§ Satellites	assumed	to	have	had	same	mass	for	
10	billion	years
— Crnojevic et	al.	2016	note	evidence	for	tidal	

stripping	due	to	Milky	Way

Complex 
assumptions 

and 
astrophysics 

involved
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Microlensing	is	the	closet	thing	we	have	to	a	direct	
measurement
§ We	know	there	are	black	holes	in	this	
mass	range.
— Extensive	primordial	black	hole	

literature:	from	Chapline (1976)	to	Carr
et	al.	(2016).

§ Rather	than	dealing	with	an	array	of	
astrophysics	we	prefer	a	direct	
measurement.

§ Microlensing	is	the	most	direct	way	of	
constraining	this	parameter	space.

OGLE III
2016 LIGO

2015, 2017

47 Tucanae
2017

Extend Existing
MACHO Constraints
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detecting dark matter from this region depend critically on the distribution of dark matter in the central volume of
the Milky Way. In fact, the flux of dark matter annihilation products that is predicted from the innermost degree
or so around the Galactic Center (corresponding to approximately the angular resolution of Fermi’s Large Area
Telescope) can vary by orders of magnitude, depending on the halo profile that is adopted [83, 84]. The sensitivity
of ground-based gamma-ray telescopes, with much greater angular resolution, can depend even more strongly on the
halo profile’s inner slope [85–88].

Numerical simulations of cold, collisionless dark matter particles yield profiles with high central densities [89, 90].
A common parameterization for this distribution is the generalized Navarro-Frenk-White (NFW) halo profile [91, 92]:

⇢(r) /
(r/Rs)��

(1 + r/Rs)3��
, (19)

where Rs ⇠ 20 kpc is the scale radius of the Milky Way. While the canonical NFW profile is defined such that � = 1,
other values for the inner slope are also commonly adopted (as well as other parameterizations, such as the Einasto
profile [93]). In particular, modern simulations which include the e↵ects of baryonic processes have been found to
yield a wide range of inner profiles, � ⇠ 0.5 � 1.4 [94–109]. Empirically speaking, we have only a modest degree of
information about the shape of the Milky Way’s dark matter halo profile. More specifically, although many groups have
presented dynamical evidence in support of dark matter’s presence in the Milky Way [110–118], these measurements
provide relatively little information about dark matter in the innermost kiloparsecs of the Galaxy. We also note
that although dark matter halos are expected to exhibit some degree of triaxiality (see, for example, Ref. [119]), the
Milky Way’s dark matter halo is generally predicted to produce an annihilation signal that is approximately radially
symmetric with respect to the Galactic Center [109].

As a simple example, consider dark matter that is distributed according to a standard NFW profile with Rs = 20
kpc and a local density of 0.4 GeV/cm3. Using Eq. 16, this yields the following flux of gamma-ray annihilation
products originating from the innermost 2 kpc around the Galactic Center:

�� ⇠ 10�8 cm�2s�1

✓
h�vi

2 ⇥ 10�26 cm3/s

◆✓R dN�

dE�
dE�

10

◆✓
100 GeV

mX

◆2

. (20)

The first thing to notice about this flux is that it is more than three orders of magnitude larger than that predicted
from the brightest dwarf galaxies. The problem, of course, is that of astrophysical backgrounds. The dominant
gamma-ray backgrounds from this region of the sky consist of di↵use emission resulting from, 1) pion production
via cosmic-ray proton scattering with gas, 2) cosmic-ray electron scattering with radiation via inverse Compton
scattering, and 3) cosmic-ray electron scattering with gas via Bremsstrahlung. Models for these backgrounds are
built using inputs such as gas maps, and models of cosmic-ray transport. And while such models are often capable
of describing the broad features of the observed Galactic di↵use emission, they cannot (and should not be expected
to) account for the detailed spectral or morphological characteristics of this background. In addition, significant
backgrounds also arise from gamma-ray point sources, such as supernova remnants, pulsars, blazars and the Milky
Way’s central supermassive black hole (Sgr A⇤).

Fermi’s observations of the Galactic Center have been used to place some of the most stringent constraints on the
dark matter annihilation cross section, and in Fig. 4 these results are shown [120] (see also Ref. [83]). Results are
presented for annihilations to bb̄ and ⌧

+
⌧

� final states and for the case of an NFW profile (� = 1) or a generalized
NFW profile with � = 1.25 (in each case with Rs = 20 kpc and a local density of 0.4 GeV/cm3). These constraints
are compared to those derived from stacked observations of Milky Way dwarf galaxies. In evaluating such results, it
is important to keep in mind that the constraints based on the Galactic Center can vary considerably depending on
the assumptions made regarding the Milky Way’s halo profile (i.e. the values of �, Rs, ⇢local).

1. The Galactic Center Gamma-Ray Excess

In 2009, Lisa Goodenough and I began to analyze the publicly available Fermi data in an e↵ort to place constraints
on any contribution from annihilating dark matter. In October of that year, we posted to the arXiv the first paper
to identify what would become known as the Galactic Center gamma-ray excess [122]. Over the following years, a
number of studies [123–128] improved upon this early work. By 2014 or so [121], a consensus had begun to form that
the excess is in fact present, and exhibited the following characteristics:

• The spectrum of the excess peaks at an energy of ⇠ 1-5 GeV and falls o↵ at both higher and lower energies (in
E

2
dN/dE units). The spectrum also appears to be uniform, without detectable variations throughout the Inner

Galaxy [129]. If interpreted as dark matter annihilation products, the spectral shape implies a dark matter
candidate with a mass in the range of ⇠ 40-70 GeV (for the case of annihilations to bb̄). See Figs. 6 and 7.
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FIG. 4: Constraints on the dark matter annihilation cross section from Fermi’s observations of the Galactic Center as a function
of mass, for annihilations to bb̄ (left) and ⌧+⌧� (right) final states. Results are shown for the case of an NFW profile (� = 1)
or a generalized NFW profile with � = 1.25 (in each case with Rs = 20 kpc and a local density of 0.4 GeV/cm3). These results
are compared to the constraints derived from the stacked observations of Milky Way dwarf galaxies. From Ref. [120].

FIG. 5: The raw (left) and residual (right) intensity maps of the gamma-ray emission from the Inner Galaxy, as presented in
Ref. [121]. Although the existence of this excess was controversial for several years, by 2014 a consensus had begun to form
that this signal is indeed present in the Fermi data. The origin of this emission remains hotly debated today.
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FIG. 4: Constraints on the dark matter annihilation cross section from Fermi’s observations of the Galactic Center as a function
of mass, for annihilations to bb̄ (left) and ⌧+⌧� (right) final states. Results are shown for the case of an NFW profile (� = 1)
or a generalized NFW profile with � = 1.25 (in each case with Rs = 20 kpc and a local density of 0.4 GeV/cm3). These results
are compared to the constraints derived from the stacked observations of Milky Way dwarf galaxies. From Ref. [120].

FIG. 5: The raw (left) and residual (right) intensity maps of the gamma-ray emission from the Inner Galaxy, as presented in
Ref. [121]. Although the existence of this excess was controversial for several years, by 2014 a consensus had begun to form
that this signal is indeed present in the Fermi data. The origin of this emission remains hotly debated today.
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After XENONnT, LZ, PandaX-4T

(graphic from Aldo Ianni's TAUP 2017 UG-Lab talk)

best environment needed:
– overburden

– cleanliness
– access

30 tonnes fiducial volume means 50 tonnes of Xe ~ yearly world production 
⌥ 40 tonnes in TPC, 200 tonne⇣year exposure

continue the LXe experimental program:– dark matter (spectroscopy???)
– solar neutrinos
– 0�⌘⌘
– SN neutrino detection 

Direct detection - spin independent




