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The main questions

• What is the fundamental physics driving the 
  evolution of early galaxies?

• How does galaxy formation (and reionization) 
  proceed in different Dark Matter cosmologies?         



                            The two main classes of high-z galaxies

Lyα emitters at z = 6.5 3

§ 5. Some discussions of the implications for reionization
based on our results are made in § 6, and the summary
of the paper is given in § 7.

Throughout the paper, we analyze in the flat ΛCDM
model: Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 h70kms−1

Mpc−1. These parameters are consistent with recent
CMB constraints (Spergel et al. 2006). Magnitudes are
given in the AB system.

2. NEW SPECTROSCOPIC CONFIRMATION

Our z6p5LAE photometric candidate sample in the
SDF was presented in T05, in which sample selection
and star formation rate density were discussed. The
sample was based on the flux excess objects in nar-
rowband NB921 (λc = 9196 Å, FWHM=132 Å) im-
age compared with the very deep broadband images of
the SDF (Kashikawa et al. 2004). Our comoving sur-
vey volume was as large as 2.17 × 105 h−3

70 Mpc3. In
T05, we found 58 photometric candidates of z6p5LAEs
down to NB921 = 26.0 (5 σ) in the effective survey re-
gion of 876 arcmin2; nine of them had been confirmed
as real by spectroscopy. In this section, we describe our
extended spectroscopic confirmations of z6p5LAEs after
T05. Table 1 summarizes our spectroscopic identifica-
tions of NB921-excess objects in the SDF over the last
three years. In summary, we have hitherto taken spec-
troscopy for 22 objects that meet the photometric se-
lection criteria of z6p5LAE and confirmed that 16 are
really LAEs based on their asymmetric line profiles, one
is an [O iii] emitter, and five are faint single-line emit-
ters. We have also included another spectroscopically
identified z6p5LAE discovered serendipitously.

2.1. Keck II DEIMOS Spectroscopy

The z6p5LAE candidates were observed with the Keck
II DEIMOS (Faber et al. 2003) spectrograph on UT 2004
April 23 − 24. We also allocated slits for NB921-strong
(z′ − NB921 > 1) emitters, irrespective of their (i′ − z′)
color as a LAE criterion in order to see how our selec-
tion criteria work. We used four multiobject spectro-
scopic (MOS) masks with an 830 line mm−1 grating and
a GG495 order-cut filter for each 7000-9000 s. integration
time. The central wavelength was set to 7500 Å for one
of the four MOS masks and 8100 Å for the other three
masks. The slit width was 1′′.0 with 0.47 Å pixel−1,
giving a resolving power of ∼ 3600. The wavelength cov-
erage was ∼ 5000 − 10, 000 Å, depending on position in
the mask. The typical seeing size was 0′′.55 − 1′′.0 dur-
ing the observation. Our z6p5LAEs were almost spatially
unresolved on an NB921 image with 0′′.98 seeing size.
Assuming that our LAEs were also spatially unresolved
on the slits, the effective spectral resolution may be bet-
ter, depending on the source size (Rhoads et al. 2003).
We also obtained spectra of standard stars BD +28 4211
and Feige 110 for flux calibration. The data were re-
duced with the spec2d pipeline16 for DEEP2 DEIMOS
data reduction.

We allocated slits for 18 target z6p5LAE candidates,
as well as NB921-strong emitters. Four of them were ap-
parent [O iii] emitters showing their characteristic double

16 The data reduction pipeline was developed at University of
California, Berkeley, with support from National Science Founda-
tion grant AST 00-71048.

Fig. 1.— Spectra of eight spectroscopically confirmed z6p5LAEs.
“F” (“D”) in parentheses indicates that the object was observed
with FOCAS (DEIMOS). The sky spectrum is overplotted on the
bottom panel with an arbitrary flux scale. The spectrum of SDF
J132518.4+272122 which was identified as a LAE in this study
already appeared in T05.

Lyman Alpha Emitters (LAEs) - 
Narrow Band Spectroscopy to 
observe very strong and 
narrow Lya emission line to 
get exact source redshift.

Kashikawa+2006 - z~6.6 LAE

Oesch+2010 - z~7 dropouts

Lyman Break Galaxies 
(LBGs) - Broad Band 
photometric band in which 
galaxy drops-out used to 
obtain redshift.



LBG Observational status
Pre-2009 (WFC3 era): 1 convincing z>7 candidate (Bouwens 
et al. 2004)

Status after the installation of the WFC3 (2009)
z Number of galaxies

5 3391

6 940

7 598

8 225

9 ~4-6

10 ~6

Bouwens+2007, 2011, 2014 
McLure+2009, 2013
Oesch+2010, 2014
Castellano+2010

Bradley+2012



What can we learn from all this data?

Ultraviolet luminosity functions (UV LF) Assembly of high-z galaxies 5

Figure 2. Stellar mass density (SMD) as a function of red-
shift. Filled squares (triangles) show our theoretical predictions
for galaxies with MUV < −15 (MUV < −18) at each redshift,
with error bars showing the associated poissonian errors. Empty
points show the magnitude-limited SMD values inferred observa-
tionally for galaxies with MUV < −18 by Labbé et al. (2010a,b,
empty stars) and González et al. (2011, empty triangles); empty
squares show the SMD inferred by Stark et al. (2012) for the
same magnitude limit after correcting the stellar masses for neb-
ular emission-line contributions to the broad-band fluxes (assum-
ing that the nebular line rest-frame equivalent width evolves with
redshift).

3.2 Stellar mass density

The stellar mass, M∗, is one of the most fundamental prop-
erties of a high-z galaxy, encapsulating information about
its entire star-formation history. However, achieving accu-
rate estimates of M∗ from broad-band data is difficult be-
cause it depends on the assumptions made regarding the
IMF, SF history, strength of nebular emission, age, stellar
metallicity and dust; the latter three parameters are degen-
erate, adding to the complexity of the problem. Although
properly constraining M∗ ideally requires rest-frame near
infra-red data which will be provided by future instruments
such as MIRI on the JWST, broad-band HST+Spitzer data
have already been used to infer the contribution of galax-
ies brighter than MUV = −18 to the growth in total stellar
mass density (SMD = stellar mass per unit volume) with
decreasing redshift (Stark et al. 2009; Labbé et al. 2010a,b;
González et al. 2011). Encouragingly, as shown in Fig. 2, the
observed growth in SMD is reproduced very well by inte-
grating the stellar masses of the simulated galaxies brighter
than MUV < −18; the theoretically calculated SMD of these
galaxies drops to zero at z > 9 since there are no galaxies
massive enough to be visible with this magnitude cut in the
volume simulated. Further, as a result of their much larger
numbers, galaxies with −18 ! MUV ! −15 contain about
1.5 times the mass as compared to the larger and more lumi-

Figure 3. Specific star-formation rate (sSFR) as a function of
redshift. Filled squares (triangles) show the theoretical results
for galaxies with MUV < −15 (MUV < −18) at each redshift,
with error bars showing the associated poissonian errors. Empty
points show the sSFR values inferred observationally by Stark
et al. (2009, empty circles), González et al. (2010, empty trian-
gles); empty stars and squares show the sSFR inferred by Stark
et al. (2012), after correcting the stellar masses for nebular emis-
sion lines assuming that the nebular line rest-frame equivalent
width at z " 4 − 7 is the same as that as z " 3.8− 5, and alter-
natively that the nebular line rest-frame equivalent width evolves
with redshift, respectively. The solid and dashed lines show the
evolution of sSFR as inferred from the simulation for galaxies
with M∗ = 106−8M# and M∗ > 108M#, respectively.

nous galaxies that have been observed as of date; the JWST
will be instrumental in shedding light on the properties of
such faint galaxies, in which most of the stellar mass is locked
up at these high-z.

3.3 Specific star formation rates

The specific star-formation rate (sSFR) is an important
physical quantity that compares the current level of SF to
the previous SF history of a galaxy. It also has the advantage
of being relatively unaffected by the assumed IMF. There is
now a considerable body of observational evidence indicat-
ing that the typical sSFR of star-forming galaxies rises by a
factor of about 40 between z = 0 and z " 2 (e.g. Daddi et al.
2007), but then settles to a value consistent with 2−3Gyr−1

at z " 3−8 (Stark et al. 2009; González et al. 2010; McLure
et al. 2011; Stark et al. 2012; Labbe et al. 2012).

This constancy of sSFR at high redshift has proved
somewhat unexpected and difficult to understand, given
that theoretical models predict that sSFR should trace the
baryonic infall rate which scales as (1 + z)2.25 (Neistein &
Dekel 2008; Weinmann et al. 2011); according to this cal-
culation, the typical sSFR should increase by a factor of
about 9 over the redshift range z " 2−7. However, recently,
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Figure 6. Mass-to-light relation showing galaxy stellar mass as a function of UV magnitude. Red points show the predicted average M⇤
value in each UV bin together with the 1� error, and gray points show the predicted values for all galaxies brighter than MUV = �15 at
that redshift from the theoretical model. Violet points show the values for real galaxies in the CANDELS and HUDF fields as inferred
by Grazian et al. (in preparation), with yellow points showing the observed medians in each UV bin. The black line shows our best-fit
theoretical power-law relation, while the blue line shows the relation previously inferred from data by González et al. (2011) at z = 4
(and applied unchanged at higher redshifts).

Figure 7. The theoretical mass-to-light ratio as a function of stellar mass (left panel) and UV absolute magnitude (right panel) for
z ' 5 � 12 (from top to bottom); M⇤ and LUV are in units of M� and erg/s/Å, respectively and we show this ratio arbitrarily scaled
up by a factor of 1040.
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feff
⇤ = min[fej

⇤ , f⇤]

f⇤

The premise: maximum SFE limited by energy required to 
unbind rest of the gas and quench star formation - up to a 

certain maximum threshold

PD, Ferrara, Dunlop 
& Pacucci, 2014

Early galaxy formation physics 3

for a Salpeter IMF between 0.1 � 100M�; we use this IMF
in all calculations that follow. The values of E51 and ⌫ yield
vs = 611 km s�1. Finally, fw is the fraction of the SN ex-
plosion energy that is converted into kinetic form and drives
winds.

For any given halo, the energy Eej required to unbind
and eject all the ISM gas can be expressed as

Eej =
1
2
[Mg,i(z)�M⇤(z)]v

2
e , (2)

where Mg,i(z) is the gas mass in the galaxy at epoch z;
the term Mg,i(z) � M⇤(z) implies that SN explosions have
to eject the part of the initial gas mass not converted into
stars. Further, the escape velocity ve can be expressed in
terms of the halo rotational velocity,vc, as ve =

p
2vc.

We then define the ejection e�ciency, fej
⇤ , as the frac-

tion of gas that must be converted into stars to “blow-away”
the remaining gas from the galaxy (i.e. Eej 6 ESN ). This
can be calculated as

fej
⇤ (z) =

v2c (z)

v2c (z) + fwv2s
. (3)

The e↵ective e�ciency can then be expressed as

feff
⇤ = min[f⇤, f

ej
⇤ ]. (4)

This represents the maximum fraction of gas that can be
converted into stars in a galaxy without expelling all the
remaining gas. Since vc scales with the halo mass (Mh),
e�cient star formers (hosted by large DM halos) can con-
tinuously convert a fraction f⇤ of their gas into stars, while
feedback-limited systems can form stars with a maximum ef-
ficiency dictated by fej

⇤ that decreases with decreasing halo
mass. Matching the bright and faint ends of the evolving UV
LF requires f⇤ = 0.03 and fw = 0.1 as explained in Sec. 3.1
below.

Galaxies of a given Mh value are more compact (i.e.
have deeper potential wells) and rotate faster with increas-
ing redshift as vc / (1 + z)1/2. Using Eqn. 3 this implies
that a given fej

⇤ value is reached for progressively lower Mh

values with increasing redshift, as shown in Fig. 1. Given
that feff

⇤ = min[f⇤, f
ej
⇤ ], this means that feff

⇤ saturates
to f⇤ for lower Mh values with increasing redshift. In other
words, galaxies of a given halo mass are more e�cient at
holding on to their gas with increasing redshift as a result
of their deeper potential wells. This feedback function (be-
haviour of fej

⇤ as a function of halo mass) is shown in Fig.
1 for z = 5 to z = 20. Quantitatively, while galaxies with
masses as low as Mh ' 108.45M� saturate to f⇤ = 0.03 and
become e�cient star formers at z = 20, galaxies have to be
as massive as Mh = 109.25M� at z = 5 to achieve the same
f⇤ value.

2.2 Merger tree physics

We implement the above simple physical ideas into standard
DM halo merger trees tracing the formation of increasingly
larger systems from the mergers of smaller progenitors as
shown in Fig. 2 (White & Frenk 1991; Lacey & Silk 1991;
Cole et al. 1994). We build merger trees for 800 galaxies

Figure 1. The ejection e�ciency (fej
⇤ ) as a function of halo mass

for z ' 5�20; this is the star-formation e�ciency required to eject
all the gas from the galaxy and quench further star formation.
The horizontal line shows f⇤ = 0.03. Since feff

⇤ = min[f⇤, f
ej
⇤ ],

galaxies with fej
⇤ > 0.03 saturate at an e↵ective e�ciency of

feff
⇤ = f⇤ = 0.03 (see Sec. 2.1 for details).

equally spaced in log Mh between 108�13M� using the mod-
ified binary merger tree algorithm with accretion presented
in Parkinson et al. (2008). In brief, the merger tree for each
simulated DM halo starts at z = 4 and runs backward in
time up to z = 20, with each halo fragmenting into its pro-
genitors. At any given time-step, a halo of mass M0 can
either lose a part of its mass (i.e. fragment into halos below
the mass resolution limit Mres) or fragment into two halos
with masses Mres < M < M0/2. The mass below the reso-
lution limit then accounts for “smooth-accretion” from the
IGM, in which the halo is embedded. We run our merger tree
using 70 steps equally spaced in time (by 20 Myrs) and with
a resolution mass Mres = 108M�. Each of the simulated
z = 4 halos is associated with the correct number density
by matching its halo mass to the Sheth-Tormen mass func-
tion (Sheth & Tormen 1999). Then, at any redshift, every
progenitor is given the same number density as its z = 4
successor.

Once the merger tree for each galaxy has been con-
structed, we implement our baryonic physics model within
it. Given that the baryonic properties of parent halos depend
on those of their progenitors at earlier times, we now proceed
forward in time from z = 20 and follow the joint halo/galaxy
evolution. We start from the first DM progenitor (with halo
mass M0) along a branch of the merger tree and assume that
it has an initial gas mass Mg,i(z) = (⌦b/⌦m)M0(z). A frac-
tion of this gas mass gets converted into a (newly formed)
stellar mass M⇤(z), such that

M⇤(z) = feff
⇤ Mg,i(z). (5)
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A semi-analytic model implemented with this simple idea

•  
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fw = 0.1

f⇤ = 0.03

The number counts of early LBGs (the UV LF)

•  
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Figure 3. The evolving LBG UV LF at z ' 5 � 8. In all panels, the black solid line shows the results using our fiducial model, i.e.
including gas accretion from progenitors and the IGM, and SN-powered gas ejection; the grey error bars show poissonian errors arising
from the luminosity dispersion in each bin. The dashed red line shows that the UV LF would have been severely under-estimated (with
increasing brightness) had we not considered the gas that is brought in by mergers. The brown line shows the results obtained by
multiplying the halo mass function with a constant star-formation e�ciency appropriate for the redshift considered (column 4 of Table
1). In all panels, the dashed green line shows the observationally inferred best-fit Schechter function (McLure et al. 2009, 2013) and
points show observational results: (a) z ' 5: Bouwens et al. (2007, filled circles) and McLure et al. (2009, filled triangles); (b) z ' 6:
Bouwens et al. (2007, filled circles) and McLure et al. (2009, filled triangles); (c) z ' 7: Oesch et al. (2010b, filled squares), Bouwens
et al. (2010a, empty blue circles), Bouwens et al. (2011, filled circles), Castellano et al. (2010, empty triangles), McLure et al. (2010,
filled triangles), McLure et al. (2013, empty orange circles) and Bowler et al. (2014, filled red circles); (d) z ' 8: Bouwens et al. (2010a,
empty blue circles), Bouwens et al. (2011, filled circles), McLure et al. (2010, filled triangles), Bradley et al. (2012, empty squares) and
McLure et al. (2013, empty red circles). The numbers in the shaded areas under the UV LF show the central value of the DM halo mass
bin hosting the galaxy.

(Bowler et al. 2014). Our model slightly over-predicts the
number of bright galaxies at z ' 5 and z ' 6, as can be
seen from the same figure. Whether this discrepancy is due
to physical e↵ects that have been ignored (e.g. dust atten-
uating the luminosity from these massive galaxies (Dayal
et al. 2009), halo mass quenching (Peng et al. 2010) and/or
AGN feedback), or is in fact due to remaining issues with the
data analysis (e.g. the application of inadequate aperture
corrections when undertaking photometry of the brightest
high-redshift galaxies) remains a matter for further study.
Finally, as shown in Dayal et al. (2013), we clarify that
the evolution of the UV LF is a combination of luminosity
and density evolution that depends on the luminosity range
probed: the evolution at the bright end is genuine luminos-
ity evolution, driven by the brightest galaxies continuing to
brighten further with time; the evolution at the faint end is

a mix of positive and negative luminosity and density evo-
lution as these tiny systems brighten and fade in luminosity,
and continually form and merge into larger systems.

3.1.1 Faint end galaxies: starving or ine�cient?

A natural question that arises at this point is whether the
faint-end of the UV LF lies below that which would be
inferred from the HMF because the fainter galaxies are
fuel-supply limited (“starving”) as a result of their pro-
genitors having ejected most/all of their gas content, or
because they themselves are star-forming e�ciency-limited
(i.e. feff

⇤ < f⇤) due to their low masses. This question can
easily be answered using Fig. 1: as shown there, galaxies with
Mh > 109 , (109.25)M� at z = 8 (5) can form stars at the
maximum allowed e�ciency of feff

⇤ = f⇤ = 3%. Given that,

c� 0000 RAS, MNRAS 000, 000–000
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from the luminosity dispersion in each bin. The dashed red line shows that the UV LF would have been severely under-estimated (with
increasing brightness) had we not considered the gas that is brought in by mergers. The brown line shows the results obtained by
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uating the luminosity from these massive galaxies (Dayal
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ity evolution, driven by the brightest galaxies continuing to
brighten further with time; the evolution at the faint end is
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3.1.1 Faint end galaxies: starving or ine�cient?

A natural question that arises at this point is whether the
faint-end of the UV LF lies below that which would be
inferred from the HMF because the fainter galaxies are
fuel-supply limited (“starving”) as a result of their pro-
genitors having ejected most/all of their gas content, or
because they themselves are star-forming e�ciency-limited
(i.e. feff

⇤ < f⇤) due to their low masses. This question can
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f

w

= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).

(HMF) at that redshift assuming a fixed halo mass-to-
light ratio. Indeed, Schultz et al. (2014) propose that
the cumulative number density of high-redshift galaxies
could be used to constrain mx. We caution however that
constraints on WDM obtained through such abundance
matching directly rely on the assumed halo mass $ UV
luminosity relation, which Schultz et al. (2014) take to
be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
Before presenting results from our complete model

which includes feedback, in Fig. 1 we show UV LFs
obtained simply by multiplying the HMFs by a con-
stant mass-to-light ratio. Matching to the observations
requires a halo star formation e�ciency with values
f⇤ = (0.9, 1.3)% for z = (7, 8 � 10); we use f⇤ = 0.013
for all z ' 11 and 12 given the lack of data at these
z. A constant halo mass $ UV luminosity mapping al-
lows us to estimate which halos host observable galaxies:
e.g. galaxies with MUV ' �15 (�20) reside in halos with
Mh ' 108.6�8.8 (1010.8�11.2)M� at z = 7� 12.
From Fig. 1 we can also estimate the viability of dis-

tinguishing between di↵erent DM models. We see that
the WDM LFs with mx = 3 (5) keV are essentially indis-
tinguishable from CDM down to an absolute magnitude
of MUV ' �15 (�14); this is about 0.5 (1.5) magnitudes
fainter than the range of the next generation of instru-
ments such as the JWST. However, the UV LF for WDM
with mx = 1.5 keV starts to “peel-away” from the CDM
UV LF at a value of Mh ' 1010M� at all z = 7 to 12,
and exhibits faint-end slope values shallower than the

TABLE 1

For the redshift shown in column 1, we show the observed

faint-end slope of the UV LF (McLure et al. 2009, 2013) in

column 2. Columns 3 and 4 show the faint-end slope of the

fiducial UV LFs with the 1� � errors for CDM and 1.5 keV
WDM, respectively. The faint-end slopes for the

theoretical UV LF have been computed over the absolute

magnitude range �18  M
UV

 �14.

z ↵
obs

↵CDM ↵1.5 keV

7 �1.90+0.14
�0.15 �1.96± 0.18 �1.85± 0.11

8 �2.02+0.22
�0.23 �2.06± 0.22 �1.93± 0.13

9 � �2.21± 0.32 �2.01± 0.16
10 � �2.31± 0.45 �2.10± 0.18
11 � �2.39± 0.32 �2.22± 0.28
12 � �2.62± 0.53 �2.34± 0.44

value of ↵ ' �2 inferred observationally (e.g. McLure
et al. 2013). In spite of this peel-away, the faint-end
slope values for all the four DM models explored here are
equally compatible with current observations, including
the deepest z ' 7, 8 data obtained from the Hubble Ul-
tra Deep Field 2012 (HUDF12; Ellis et al. 2013; McLure
et al. 2013). With its higher sensitivity 3, the JWST

could potentially constrain the UV LF and hence ↵ to
fainter magnitudes, allowing constraints on mx.
However, the UV LFs are more complex, shaped by

the star-formation histories of each galaxy. While galax-

3 We use the detection limits for
a 10� 104 s observation provided at
http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table.
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Figure 6. Mass-to-light relation showing galaxy stellar mass as a function of UV magnitude. Red points show the predicted average M⇤
value in each UV bin together with the 1� error, and gray points show the predicted values for all galaxies brighter than MUV = �15 at
that redshift from the theoretical model. Violet points show the values for real galaxies in the CANDELS and HUDF fields as inferred
by Grazian et al. (in preparation), with yellow points showing the observed medians in each UV bin. The black line shows our best-fit
theoretical power-law relation, while the blue line shows the relation previously inferred from data by González et al. (2011) at z = 4
(and applied unchanged at higher redshifts).

Figure 7. The theoretical mass-to-light ratio as a function of stellar mass (left panel) and UV absolute magnitude (right panel) for
z ' 5 � 12 (from top to bottom); M⇤ and LUV are in units of M� and erg/s/Å, respectively and we show this ratio arbitrarily scaled
up by a factor of 1040.
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Fig. 1.— The evolving LBG UV LFs at z ' 7 � 12 for the four di↵erent DM models considered, obtained by scaling the appropriate
HMF with a halo mass independent star formation e�ciency of f⇤ = 0.9% at z ' 7 and f⇤ = 1.3% for z >⇠ 8. In all panels, lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels points show observational
results: (a) z ' 7: Oesch et al. (2010, filled cyan squares), Bouwens et al. (2010, empty blue circles), Bouwens et al. (2011, filled yellow
circles), Castellano et al. (2010, empty purple triangles), McLure et al. (2010, filled red triangles), McLure et al. (2013, empty orange
circles) and Bowler et al. (2014, filled purple circles); (b) z ' 8: Bouwens et al. (2010, empty blue circles), Bouwens et al. (2011, filled
yellow circles), McLure et al. (2010, filled green triangles), Bradley et al. (2012, empty purple squares) and McLure et al. (2013, empty
orange circles), (c) z ' 9: McLure et al. (2013, empty blue circles) and Oesch et al. (2013, empty green squares) and, (d) z ' 10: Bouwens
et al. (2014, empty green circles); the downward pointing triangle represents the upper-limit of the z ' 10 data at M

UV

' �19.25.

On the other hand, a galaxy that has progenitors in-
herits a certain amount of stars and gas from them fol-
lowing merging events. In addition, this galaxy also ob-
tains a part of its DM (and gas) mass through smooth-
accretion from the IGM: while in principle a cosmolog-
ical ratio of DM and baryons can be accreted onto the
halo, UVB photo-heating feedback suppresses the avail-
able gas reservoir for accretion inside the ionized IGM as
explained in Sec. 2.2. Thus, the total initial gas mass in
the galaxy at z is the sum of the newly accreted gas mass,
as well as that brought in by its merging progenitors.
This updated gas mass is then used to calculate the

new stellar mass formed in the galaxy as described by
Eqn. 11. The total stellar mass in this galaxy is now the
sum of mass of the newly-formed stars, and that brought
in by its progenitors.
Our fiducial parameters are selected to match the ob-

served UV LF. Specifically, we take f⇤ = 0.038 and
fw = 0.1 which result in a good fit to available data
at z ' 7� 10 for all the four DM models considered (see
Fig. 2). Roughly speaking, fw a↵ects the faint-end slope
of the UV LF where feedback is most e↵ective, while
f⇤ determines the amplitude and normalization at the

bright-end where galaxies can form stars with the maxi-
mum e�ciency. Although this model need not be unique
in describing the observed LF, we stress again that our
main conclusions are driven by the relative di↵erences
between the cosmologies, which are more robust to as-
trophysical uncertainties.

3. EARLY GALAXY EVOLUTION IN DIFFERENT DARK
MATTER MODELS

We now show how high-z galaxy assembly varies with
the DM particle mass considered, and its impact on ob-
servables including the UV LF, the M/L relation and the
SMD.

3.1. Ultraviolet luminosity functions

The evolving UV LF is the most robust piece of in-
formation available for z >⇠ 7 galaxies, with the obser-
vational estimates for a number of di↵erent groups (e.g.
Oesch et al. 2010; Bouwens et al. 2010, 2011; Castellano
et al. 2010; McLure et al. 2010, 2013; Bowler et al. 2014;
Bradley et al. 2012; Oesch et al. 2013; Bouwens et al.
2014) being in good agreement. The simplest approach
to obtaining a UV LF is to scale the halo mass function
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f

w

= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).

(HMF) at that redshift assuming a fixed halo mass-to-
light ratio. Indeed, Schultz et al. (2014) propose that
the cumulative number density of high-redshift galaxies
could be used to constrain mx. We caution however that
constraints on WDM obtained through such abundance
matching directly rely on the assumed halo mass $ UV
luminosity relation, which Schultz et al. (2014) take to
be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
Before presenting results from our complete model

which includes feedback, in Fig. 1 we show UV LFs
obtained simply by multiplying the HMFs by a con-
stant mass-to-light ratio. Matching to the observations
requires a halo star formation e�ciency with values
f⇤ = (0.9, 1.3)% for z = (7, 8 � 10); we use f⇤ = 0.013
for all z ' 11 and 12 given the lack of data at these
z. A constant halo mass $ UV luminosity mapping al-
lows us to estimate which halos host observable galaxies:
e.g. galaxies with MUV ' �15 (�20) reside in halos with
Mh ' 108.6�8.8 (1010.8�11.2)M� at z = 7� 12.
From Fig. 1 we can also estimate the viability of dis-

tinguishing between di↵erent DM models. We see that
the WDM LFs with mx = 3 (5) keV are essentially indis-
tinguishable from CDM down to an absolute magnitude
of MUV ' �15 (�14); this is about 0.5 (1.5) magnitudes
fainter than the range of the next generation of instru-
ments such as the JWST. However, the UV LF for WDM
with mx = 1.5 keV starts to “peel-away” from the CDM
UV LF at a value of Mh ' 1010M� at all z = 7 to 12,
and exhibits faint-end slope values shallower than the

TABLE 1

For the redshift shown in column 1, we show the observed

faint-end slope of the UV LF (McLure et al. 2009, 2013) in

column 2. Columns 3 and 4 show the faint-end slope of the

fiducial UV LFs with the 1� � errors for CDM and 1.5 keV
WDM, respectively. The faint-end slopes for the

theoretical UV LF have been computed over the absolute

magnitude range �18  M
UV

 �14.

z ↵
obs

↵CDM ↵1.5 keV

7 �1.90+0.14
�0.15 �1.96± 0.18 �1.85± 0.11

8 �2.02+0.22
�0.23 �2.06± 0.22 �1.93± 0.13

9 � �2.21± 0.32 �2.01± 0.16
10 � �2.31± 0.45 �2.10± 0.18
11 � �2.39± 0.32 �2.22± 0.28
12 � �2.62± 0.53 �2.34± 0.44

value of ↵ ' �2 inferred observationally (e.g. McLure
et al. 2013). In spite of this peel-away, the faint-end
slope values for all the four DM models explored here are
equally compatible with current observations, including
the deepest z ' 7, 8 data obtained from the Hubble Ul-
tra Deep Field 2012 (HUDF12; Ellis et al. 2013; McLure
et al. 2013). With its higher sensitivity 3, the JWST

could potentially constrain the UV LF and hence ↵ to
fainter magnitudes, allowing constraints on mx.
However, the UV LFs are more complex, shaped by

the star-formation histories of each galaxy. While galax-

3 We use the detection limits for
a 10� 104 s observation provided at
http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table.

Scaling Halo mass function Fiducial model

Including baryons (and SF) decreases the difference between CDM 
and 1.5 keV WDM models 
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f

w

= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).
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matching directly rely on the assumed halo mass $ UV
luminosity relation, which Schultz et al. (2014) take to
be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
Before presenting results from our complete model

which includes feedback, in Fig. 1 we show UV LFs
obtained simply by multiplying the HMFs by a con-
stant mass-to-light ratio. Matching to the observations
requires a halo star formation e�ciency with values
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for all z ' 11 and 12 given the lack of data at these
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lows us to estimate which halos host observable galaxies:
e.g. galaxies with MUV ' �15 (�20) reside in halos with
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of MUV ' �15 (�14); this is about 0.5 (1.5) magnitudes
fainter than the range of the next generation of instru-
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UV LF at a value of Mh ' 1010M� at all z = 7 to 12,
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value of ↵ ' �2 inferred observationally (e.g. McLure
et al. 2013). In spite of this peel-away, the faint-end
slope values for all the four DM models explored here are
equally compatible with current observations, including
the deepest z ' 7, 8 data obtained from the Hubble Ul-
tra Deep Field 2012 (HUDF12; Ellis et al. 2013; McLure
et al. 2013). With its higher sensitivity 3, the JWST

could potentially constrain the UV LF and hence ↵ to
fainter magnitudes, allowing constraints on mx.
However, the UV LFs are more complex, shaped by

the star-formation histories of each galaxy. While galax-

3 We use the detection limits for
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f

w

= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).
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be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
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for all z ' 11 and 12 given the lack of data at these
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fainter than the range of the next generation of instru-
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f
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= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).
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the cumulative number density of high-redshift galaxies
could be used to constrain mx. We caution however that
constraints on WDM obtained through such abundance
matching directly rely on the assumed halo mass $ UV
luminosity relation, which Schultz et al. (2014) take to
be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
Before presenting results from our complete model

which includes feedback, in Fig. 1 we show UV LFs
obtained simply by multiplying the HMFs by a con-
stant mass-to-light ratio. Matching to the observations
requires a halo star formation e�ciency with values
f⇤ = (0.9, 1.3)% for z = (7, 8 � 10); we use f⇤ = 0.013
for all z ' 11 and 12 given the lack of data at these
z. A constant halo mass $ UV luminosity mapping al-
lows us to estimate which halos host observable galaxies:
e.g. galaxies with MUV ' �15 (�20) reside in halos with
Mh ' 108.6�8.8 (1010.8�11.2)M� at z = 7� 12.
From Fig. 1 we can also estimate the viability of dis-
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the WDM LFs with mx = 3 (5) keV are essentially indis-
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fainter than the range of the next generation of instru-
ments such as the JWST. However, the UV LF for WDM
with mx = 1.5 keV starts to “peel-away” from the CDM
UV LF at a value of Mh ' 1010M� at all z = 7 to 12,
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Figure 3. Average stellar mass assembly of galaxies as a function of z. For the final z = 4 M⇤ value quoted in each panel, we show
the stellar mass build up for the four di↵erent DM models considered: CDM (solid black line), 5 keV WDM (blue short-dashed line),
3 keV WDM (red long-dashed line) and 1.5 keV WDM (violet dot-dashed line). Gray, blue, red and purple shaded regions show the 1��
dispersion for the CDM and WDM models of mass 5, 3 and 1.5 keV, respectively. As seen, high-z star formation is more rapid in WDM
models. For example, z = 4 galaxies with M⇤ = 108.5M� assemble 90% of their stellar masses within the previous 1.03 (0.64) Gyr in
CDM (1.5 keV WDM). This younger stellar population means that for a given stellar mass, WDM galaxies are more UV luminous.

distinction of WDM with respect to CDM is most notable in
the dearth of small halos, near the atomic cooling threshold
(e.g. Fig. 1). The lack of these progenitor building blocks
results in a sudden appearance of galaxies in WDM models,
with little scatter in the assembly history.

As shown in Sec. 3.1, the higher particle mass WDM
models are di�cult to distinguish from CDM with the as-
sembly histories for mx > 3 keV WDMmodels only di↵ering
from CDM in the high-z tails. Indeed, stellar mass assembly
histories in CDM and the 5 keV WDM model di↵er by less
than 50 Myr, throughout the range shown in Fig. 3.

3.3 Mass to light relation

In the previous section we saw that galaxies in WDM models
assemble their stars more rapidly compared to CDM. This
rapid assembly translates to a younger, more UV luminous

stellar population. A useful observational probe of this trend
is the mass to light relation, which links the total stellar mass
(M⇤) and the UV magnitude (MUV ).

In Fig. 4 we show the M⇤ �MUV relation for our DM
models. The M⇤�MUV relation for CDM (and mx > 3 keV
WDM) galaxies brighter than MUV = �15 is well fit by a
power law:

logM⇤ = �MUV + �, (14)

where � = �0.38 and � = 2.4�0.1z. This relation is in good
agreement both with estimates using abundance matching
(e.g. Kuhlen & Faucher-Giguere 2012; Schultz et al. 2014)
and direct observational estimates for LBGs (Grazian et al.,
A&A submitted); we show the last group’s results in the
z = 7 panel who also find a slope of � = �0.4.

As seen from Eqn. 14, the normalisation (�) of the
M⇤ � MUV relation decreases with increasing z (although
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Light WDM models show lower M/L ratios (i.e. more luminosity per 
unit stellar mass) compared to CDM 
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Fig. 4.— Mass-to-light relation showing galaxy stellar mass as a function of UV magnitude for z ' 7� 12 as marked. In each panel we
show average M⇤ values for given M

UV

bins from our fiducial model for the four DM models considered in this work: CDM (solid black
line), 5 keV WDM (blue short-dashed line), 3 keV WDM (red long-dashed line) and 1.5 keV WDM (violet dot-dashed line). At z ' 7, violet
points show the values for real galaxies in the CANDELS and HUDF fields, with yellow points showing the observed medians in each UV
bin as inferred by Grazian et al. (A&A submitted). In each panel, dashed vertical lines show the 10� 104 s integration limits of the JWST.

3.2. Assembling early galaxies

We now explore the build-up of the LFs shown in the
previous section. Due to the suppression of small-scale
structure in WDM models, star-formation is delayed and
more rapid (e.g Calura et al. 2014; Sitwell et al. 2014).
We quantify this for our galaxy evolution models in Fig.
3, in which we show the stellar mass assembly histories
for four di↵erent mass bins ranging from M⇤ = 108.5 �
1010M�.
As expected in hierarchical structure formation, the

larger the final stellar mass, the earlier it started forming
(i.e. with flatter assembly histories). For example, z =
4 galaxies with M⇤ = 1010M� build up 90% of their
stellar mass within the last 1.26 Gyr in CDM. Smaller
galaxies with M⇤ = 108.5M� in CDM take only 1.03 Gyr
to build-up 90% of the stellar mass. This distinction
is even more dramatic in WDM models. For example,
z = 4 galaxies with M⇤ = 108.5 (1010)M� assemble 90%
of their stellar masses within the previous 0.64 (1.12)
Gyr, for mx =1.5 keV. The distinction of WDM with
respect to CDM is most notable in the dearth of small
halos, near the atomic cooling threshold (e.g. Fig. 1).
The lack of these progenitor building blocks results in
a sudden appearance of galaxies in WDM models, with
little scatter in the assembly history.
As shown in Sec. 3.1, the higher particle mass WDM

models are di�cult to distinguish from CDM with the
assembly histories for mx � 3 keV WDM models only
di↵ering from CDM in the high-z tails. Indeed, stellar
mass assembly histories in CDM and the 5 keV WDM
model di↵er by less than 50 Myr, throughout the range
shown in Fig. 3.

3.3. Mass to light relation

In the previous section we saw that galaxies in WDM
models assemble their stars more rapidly compared to
CDM. This rapid assembly translates to a younger, more
UV luminous stellar population. A useful observational
probe of this trend is the mass to light relation, which
links the total stellar mass (M⇤) and the UV magnitude
(MUV ).
In Fig. 4 we show the M⇤ � MUV relation for our

DM models. The M⇤ � MUV relation for CDM (and
mx � 3 keV WDM) galaxies brighter than MUV = �15
is well fit by a power law:

logM⇤ = �MUV + �, (14)

where � = �0.38 and � = 2.4 � 0.1z. This relation
is in good agreement both with estimates using abun-
dance matching (e.g. Kuhlen & Faucher-Giguere 2012;
Schultz et al. 2014) and direct observational estimates
for LBGs (Grazian et al., A&A submitted); we show the
last group’s results in the z = 7 panel who also find a
slope of � = �0.4.
As seen from Eqn. 14, the normalisation (�) of the

M⇤�MUV relation decreases with increasing z (although
the slope remains unchanged), i.e. a given UV luminosity
is produced by lower M⇤ galaxies with increasing z. This
is due to the fact these galaxies are hosted by increasingly
(with z) rare, biased halos, farther on the exponential tail
of the HMF, whose fractional growth is more rapid.
While there is little di↵erence between the M⇤ �MUV

relation for CDM and mx � 3 keV WDM, this relation
starts diverging from the CDM one at MUV ' �19 at
all z = 7� 12 in the 1.5 keV WDM model. The relation
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Fig. 1.— The evolving LBG UV LFs at z ' 7 � 12 for the four di↵erent DM models considered, obtained by scaling the appropriate
HMF with a halo mass independent star formation e�ciency of f⇤ = 0.9% at z ' 7 and f⇤ = 1.3% for z >⇠ 8. In all panels, lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels points show observational
results: (a) z ' 7: Oesch et al. (2010, filled cyan squares), Bouwens et al. (2010, empty blue circles), Bouwens et al. (2011, filled yellow
circles), Castellano et al. (2010, empty purple triangles), McLure et al. (2010, filled red triangles), McLure et al. (2013, empty orange
circles) and Bowler et al. (2014, filled purple circles); (b) z ' 8: Bouwens et al. (2010, empty blue circles), Bouwens et al. (2011, filled
yellow circles), McLure et al. (2010, filled green triangles), Bradley et al. (2012, empty purple squares) and McLure et al. (2013, empty
orange circles), (c) z ' 9: McLure et al. (2013, empty blue circles) and Oesch et al. (2013, empty green squares) and, (d) z ' 10: Bouwens
et al. (2014, empty green circles); the downward pointing triangle represents the upper-limit of the z ' 10 data at M

UV

' �19.25.

On the other hand, a galaxy that has progenitors in-
herits a certain amount of stars and gas from them fol-
lowing merging events. In addition, this galaxy also ob-
tains a part of its DM (and gas) mass through smooth-
accretion from the IGM: while in principle a cosmolog-
ical ratio of DM and baryons can be accreted onto the
halo, UVB photo-heating feedback suppresses the avail-
able gas reservoir for accretion inside the ionized IGM as
explained in Sec. 2.2. Thus, the total initial gas mass in
the galaxy at z is the sum of the newly accreted gas mass,
as well as that brought in by its merging progenitors.
This updated gas mass is then used to calculate the

new stellar mass formed in the galaxy as described by
Eqn. 11. The total stellar mass in this galaxy is now the
sum of mass of the newly-formed stars, and that brought
in by its progenitors.
Our fiducial parameters are selected to match the ob-

served UV LF. Specifically, we take f⇤ = 0.038 and
fw = 0.1 which result in a good fit to available data
at z ' 7� 10 for all the four DM models considered (see
Fig. 2). Roughly speaking, fw a↵ects the faint-end slope
of the UV LF where feedback is most e↵ective, while
f⇤ determines the amplitude and normalization at the

bright-end where galaxies can form stars with the maxi-
mum e�ciency. Although this model need not be unique
in describing the observed LF, we stress again that our
main conclusions are driven by the relative di↵erences
between the cosmologies, which are more robust to as-
trophysical uncertainties.

3. EARLY GALAXY EVOLUTION IN DIFFERENT DARK
MATTER MODELS

We now show how high-z galaxy assembly varies with
the DM particle mass considered, and its impact on ob-
servables including the UV LF, the M/L relation and the
SMD.

3.1. Ultraviolet luminosity functions

The evolving UV LF is the most robust piece of in-
formation available for z >⇠ 7 galaxies, with the obser-
vational estimates for a number of di↵erent groups (e.g.
Oesch et al. 2010; Bouwens et al. 2010, 2011; Castellano
et al. 2010; McLure et al. 2010, 2013; Bowler et al. 2014;
Bradley et al. 2012; Oesch et al. 2013; Bouwens et al.
2014) being in good agreement. The simplest approach
to obtaining a UV LF is to scale the halo mass function
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f

w

= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).

(HMF) at that redshift assuming a fixed halo mass-to-
light ratio. Indeed, Schultz et al. (2014) propose that
the cumulative number density of high-redshift galaxies
could be used to constrain mx. We caution however that
constraints on WDM obtained through such abundance
matching directly rely on the assumed halo mass $ UV
luminosity relation, which Schultz et al. (2014) take to
be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
Before presenting results from our complete model

which includes feedback, in Fig. 1 we show UV LFs
obtained simply by multiplying the HMFs by a con-
stant mass-to-light ratio. Matching to the observations
requires a halo star formation e�ciency with values
f⇤ = (0.9, 1.3)% for z = (7, 8 � 10); we use f⇤ = 0.013
for all z ' 11 and 12 given the lack of data at these
z. A constant halo mass $ UV luminosity mapping al-
lows us to estimate which halos host observable galaxies:
e.g. galaxies with MUV ' �15 (�20) reside in halos with
Mh ' 108.6�8.8 (1010.8�11.2)M� at z = 7� 12.
From Fig. 1 we can also estimate the viability of dis-

tinguishing between di↵erent DM models. We see that
the WDM LFs with mx = 3 (5) keV are essentially indis-
tinguishable from CDM down to an absolute magnitude
of MUV ' �15 (�14); this is about 0.5 (1.5) magnitudes
fainter than the range of the next generation of instru-
ments such as the JWST. However, the UV LF for WDM
with mx = 1.5 keV starts to “peel-away” from the CDM
UV LF at a value of Mh ' 1010M� at all z = 7 to 12,
and exhibits faint-end slope values shallower than the

TABLE 1

For the redshift shown in column 1, we show the observed

faint-end slope of the UV LF (McLure et al. 2009, 2013) in

column 2. Columns 3 and 4 show the faint-end slope of the

fiducial UV LFs with the 1� � errors for CDM and 1.5 keV
WDM, respectively. The faint-end slopes for the

theoretical UV LF have been computed over the absolute

magnitude range �18  M
UV

 �14.

z ↵
obs

↵CDM ↵1.5 keV

7 �1.90+0.14
�0.15 �1.96± 0.18 �1.85± 0.11

8 �2.02+0.22
�0.23 �2.06± 0.22 �1.93± 0.13

9 � �2.21± 0.32 �2.01± 0.16
10 � �2.31± 0.45 �2.10± 0.18
11 � �2.39± 0.32 �2.22± 0.28
12 � �2.62± 0.53 �2.34± 0.44

value of ↵ ' �2 inferred observationally (e.g. McLure
et al. 2013). In spite of this peel-away, the faint-end
slope values for all the four DM models explored here are
equally compatible with current observations, including
the deepest z ' 7, 8 data obtained from the Hubble Ul-
tra Deep Field 2012 (HUDF12; Ellis et al. 2013; McLure
et al. 2013). With its higher sensitivity 3, the JWST

could potentially constrain the UV LF and hence ↵ to
fainter magnitudes, allowing constraints on mx.
However, the UV LFs are more complex, shaped by

the star-formation histories of each galaxy. While galax-

3 We use the detection limits for
a 10� 104 s observation provided at
http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table.

Scaling Halo mass function Fiducial model

Including baryons (and SF) decreases the difference between CDM 
and 1.5 keV WDM models 
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f

w

= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).

(HMF) at that redshift assuming a fixed halo mass-to-
light ratio. Indeed, Schultz et al. (2014) propose that
the cumulative number density of high-redshift galaxies
could be used to constrain mx. We caution however that
constraints on WDM obtained through such abundance
matching directly rely on the assumed halo mass $ UV
luminosity relation, which Schultz et al. (2014) take to
be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
Before presenting results from our complete model

which includes feedback, in Fig. 1 we show UV LFs
obtained simply by multiplying the HMFs by a con-
stant mass-to-light ratio. Matching to the observations
requires a halo star formation e�ciency with values
f⇤ = (0.9, 1.3)% for z = (7, 8 � 10); we use f⇤ = 0.013
for all z ' 11 and 12 given the lack of data at these
z. A constant halo mass $ UV luminosity mapping al-
lows us to estimate which halos host observable galaxies:
e.g. galaxies with MUV ' �15 (�20) reside in halos with
Mh ' 108.6�8.8 (1010.8�11.2)M� at z = 7� 12.
From Fig. 1 we can also estimate the viability of dis-

tinguishing between di↵erent DM models. We see that
the WDM LFs with mx = 3 (5) keV are essentially indis-
tinguishable from CDM down to an absolute magnitude
of MUV ' �15 (�14); this is about 0.5 (1.5) magnitudes
fainter than the range of the next generation of instru-
ments such as the JWST. However, the UV LF for WDM
with mx = 1.5 keV starts to “peel-away” from the CDM
UV LF at a value of Mh ' 1010M� at all z = 7 to 12,
and exhibits faint-end slope values shallower than the
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value of ↵ ' �2 inferred observationally (e.g. McLure
et al. 2013). In spite of this peel-away, the faint-end
slope values for all the four DM models explored here are
equally compatible with current observations, including
the deepest z ' 7, 8 data obtained from the Hubble Ul-
tra Deep Field 2012 (HUDF12; Ellis et al. 2013; McLure
et al. 2013). With its higher sensitivity 3, the JWST

could potentially constrain the UV LF and hence ↵ to
fainter magnitudes, allowing constraints on mx.
However, the UV LFs are more complex, shaped by

the star-formation histories of each galaxy. While galax-

3 We use the detection limits for
a 10� 104 s observation provided at
http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table.
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f

w

= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).

(HMF) at that redshift assuming a fixed halo mass-to-
light ratio. Indeed, Schultz et al. (2014) propose that
the cumulative number density of high-redshift galaxies
could be used to constrain mx. We caution however that
constraints on WDM obtained through such abundance
matching directly rely on the assumed halo mass $ UV
luminosity relation, which Schultz et al. (2014) take to
be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
Before presenting results from our complete model

which includes feedback, in Fig. 1 we show UV LFs
obtained simply by multiplying the HMFs by a con-
stant mass-to-light ratio. Matching to the observations
requires a halo star formation e�ciency with values
f⇤ = (0.9, 1.3)% for z = (7, 8 � 10); we use f⇤ = 0.013
for all z ' 11 and 12 given the lack of data at these
z. A constant halo mass $ UV luminosity mapping al-
lows us to estimate which halos host observable galaxies:
e.g. galaxies with MUV ' �15 (�20) reside in halos with
Mh ' 108.6�8.8 (1010.8�11.2)M� at z = 7� 12.
From Fig. 1 we can also estimate the viability of dis-

tinguishing between di↵erent DM models. We see that
the WDM LFs with mx = 3 (5) keV are essentially indis-
tinguishable from CDM down to an absolute magnitude
of MUV ' �15 (�14); this is about 0.5 (1.5) magnitudes
fainter than the range of the next generation of instru-
ments such as the JWST. However, the UV LF for WDM
with mx = 1.5 keV starts to “peel-away” from the CDM
UV LF at a value of Mh ' 1010M� at all z = 7 to 12,
and exhibits faint-end slope values shallower than the
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faint-end slope of the UV LF (McLure et al. 2009, 2013) in
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value of ↵ ' �2 inferred observationally (e.g. McLure
et al. 2013). In spite of this peel-away, the faint-end
slope values for all the four DM models explored here are
equally compatible with current observations, including
the deepest z ' 7, 8 data obtained from the Hubble Ul-
tra Deep Field 2012 (HUDF12; Ellis et al. 2013; McLure
et al. 2013). With its higher sensitivity 3, the JWST

could potentially constrain the UV LF and hence ↵ to
fainter magnitudes, allowing constraints on mx.
However, the UV LFs are more complex, shaped by

the star-formation histories of each galaxy. While galax-

3 We use the detection limits for
a 10� 104 s observation provided at
http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table.
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f

w

= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).

(HMF) at that redshift assuming a fixed halo mass-to-
light ratio. Indeed, Schultz et al. (2014) propose that
the cumulative number density of high-redshift galaxies
could be used to constrain mx. We caution however that
constraints on WDM obtained through such abundance
matching directly rely on the assumed halo mass $ UV
luminosity relation, which Schultz et al. (2014) take to
be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
Before presenting results from our complete model

which includes feedback, in Fig. 1 we show UV LFs
obtained simply by multiplying the HMFs by a con-
stant mass-to-light ratio. Matching to the observations
requires a halo star formation e�ciency with values
f⇤ = (0.9, 1.3)% for z = (7, 8 � 10); we use f⇤ = 0.013
for all z ' 11 and 12 given the lack of data at these
z. A constant halo mass $ UV luminosity mapping al-
lows us to estimate which halos host observable galaxies:
e.g. galaxies with MUV ' �15 (�20) reside in halos with
Mh ' 108.6�8.8 (1010.8�11.2)M� at z = 7� 12.
From Fig. 1 we can also estimate the viability of dis-

tinguishing between di↵erent DM models. We see that
the WDM LFs with mx = 3 (5) keV are essentially indis-
tinguishable from CDM down to an absolute magnitude
of MUV ' �15 (�14); this is about 0.5 (1.5) magnitudes
fainter than the range of the next generation of instru-
ments such as the JWST. However, the UV LF for WDM
with mx = 1.5 keV starts to “peel-away” from the CDM
UV LF at a value of Mh ' 1010M� at all z = 7 to 12,
and exhibits faint-end slope values shallower than the
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value of ↵ ' �2 inferred observationally (e.g. McLure
et al. 2013). In spite of this peel-away, the faint-end
slope values for all the four DM models explored here are
equally compatible with current observations, including
the deepest z ' 7, 8 data obtained from the Hubble Ul-
tra Deep Field 2012 (HUDF12; Ellis et al. 2013; McLure
et al. 2013). With its higher sensitivity 3, the JWST

could potentially constrain the UV LF and hence ↵ to
fainter magnitudes, allowing constraints on mx.
However, the UV LFs are more complex, shaped by

the star-formation histories of each galaxy. While galax-

3 We use the detection limits for
a 10� 104 s observation provided at
http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table.
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Fig. 2.— The evolving LBG UV LF at z ' 7� 12 in di↵erent DM models, computed with our fiducial semi-analytical galaxy formation
model. In all panels, lines show the results using the fiducial model that invokes a total of two redshift and mass-independent free
parameters: the star formation e�ciency (f⇤ ⇡ 0.04) and the fraction of SN energy driving winds (f

w

= 0.1). In all panels lines show
theoretical results for CDM (black solid line) and WDM with particle masses of 5 keV (blue short-dashed), 3 keV (red long-dashed) and
1.5 keV (violet dot-dashed); dashed vertical lines show the 10� 104 s integration limits of the JWST. In all panels, points show observational
results (see Fig. 1 for references).

(HMF) at that redshift assuming a fixed halo mass-to-
light ratio. Indeed, Schultz et al. (2014) propose that
the cumulative number density of high-redshift galaxies
could be used to constrain mx. We caution however that
constraints on WDM obtained through such abundance
matching directly rely on the assumed halo mass $ UV
luminosity relation, which Schultz et al. (2014) take to
be independent of the DM model and assume a power-
law extrapolation towards small masses. As we shall see
below, this need not be the case.
Before presenting results from our complete model

which includes feedback, in Fig. 1 we show UV LFs
obtained simply by multiplying the HMFs by a con-
stant mass-to-light ratio. Matching to the observations
requires a halo star formation e�ciency with values
f⇤ = (0.9, 1.3)% for z = (7, 8 � 10); we use f⇤ = 0.013
for all z ' 11 and 12 given the lack of data at these
z. A constant halo mass $ UV luminosity mapping al-
lows us to estimate which halos host observable galaxies:
e.g. galaxies with MUV ' �15 (�20) reside in halos with
Mh ' 108.6�8.8 (1010.8�11.2)M� at z = 7� 12.
From Fig. 1 we can also estimate the viability of dis-

tinguishing between di↵erent DM models. We see that
the WDM LFs with mx = 3 (5) keV are essentially indis-
tinguishable from CDM down to an absolute magnitude
of MUV ' �15 (�14); this is about 0.5 (1.5) magnitudes
fainter than the range of the next generation of instru-
ments such as the JWST. However, the UV LF for WDM
with mx = 1.5 keV starts to “peel-away” from the CDM
UV LF at a value of Mh ' 1010M� at all z = 7 to 12,
and exhibits faint-end slope values shallower than the

TABLE 1

For the redshift shown in column 1, we show the observed

faint-end slope of the UV LF (McLure et al. 2009, 2013) in

column 2. Columns 3 and 4 show the faint-end slope of the

fiducial UV LFs with the 1� � errors for CDM and 1.5 keV
WDM, respectively. The faint-end slopes for the

theoretical UV LF have been computed over the absolute

magnitude range �18  M
UV

 �14.

z ↵
obs

↵CDM ↵1.5 keV

7 �1.90+0.14
�0.15 �1.96± 0.18 �1.85± 0.11

8 �2.02+0.22
�0.23 �2.06± 0.22 �1.93± 0.13

9 � �2.21± 0.32 �2.01± 0.16
10 � �2.31± 0.45 �2.10± 0.18
11 � �2.39± 0.32 �2.22± 0.28
12 � �2.62± 0.53 �2.34± 0.44

value of ↵ ' �2 inferred observationally (e.g. McLure
et al. 2013). In spite of this peel-away, the faint-end
slope values for all the four DM models explored here are
equally compatible with current observations, including
the deepest z ' 7, 8 data obtained from the Hubble Ul-
tra Deep Field 2012 (HUDF12; Ellis et al. 2013; McLure
et al. 2013). With its higher sensitivity 3, the JWST

could potentially constrain the UV LF and hence ↵ to
fainter magnitudes, allowing constraints on mx.
However, the UV LFs are more complex, shaped by

the star-formation histories of each galaxy. While galax-

3 We use the detection limits for
a 10� 104 s observation provided at
http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table.



Observational imprints of light WDM particles: buildup of 
the cosmic stellar mass density

•  
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Figure 6. Redshift evolution of the SMD for the four DM models considered in this work: CDM (black line), 5 keV WDM (blue line),
3 keV WDM (red line) and 1.5 keV WDM (violet line). The left and right panels show the SMD from galaxies that have already been
detected, i.e. MUV 6 �18, and galaxies that are expected to be detected using a magnitude limit of MUV 6 �16.5 for the JWST,
respectively. As seen, while the SMD measured by the JWST will be indistinguishable for CDM and WDM with mx = 3 and 5 keV,
our model predicts that these three models will have formed about 3 (10) times more stellar mass per unit volume at z ' 11 (z ' 13)
compared to the 1.5 keV case, providing one of the strongest hints on the nature of DM using high-z galaxies.

be instrumental in di↵erentiating the standard CDM from
WDM models that invoke particles lighter then 2 keV.

4 CONCLUSIONS

The standard ⇤CDM cosmological model has been ex-
tremely successful at explaining the large scale structure of
the Universe. However, it faces a number of problems on
small scales (e.g. the number of satellite galaxies and the
DM halo profiles) that can potentially be solved by invok-
ing warm dark matter (WDM) comprised of low mass ( keV)
particles. Since WDM smears-out power on small scales, it
e↵ects are expected to be felt most strongly on the number
densities and the assembly history of the earliest (low mass)
galaxies that formed in the Universe. Here we explore how
current and upcoming observations of high-z (z >⇠ 7) LBGs
can constrain the mass of WDM particles.

We consider four di↵erent DM scenarios: CDM and
WDM with mx = 1.5, 3 and 5 keV. Building on DM merger
trees, our galaxy formation model includes the key baryonic
processes of star formation, feedback from both supernovae
(SN) explosions and photo-heating from reionization, and
the merger, accretion and ejection driven growth of stellar
and gas mass. Below we summarize our main results.

We find that the observed UV LF (MUV
<⇠ � 17) is

equally well-fit by all four DM models for a maximum star
formation e�ciency of 3.8%, with 10% of SN energy driving
winds (f⇤ = 0.038 and fw = 0.1). However, the 1.5 keV
WDM UV LF starts to peel-away from the other three
(which are identical down to MUV = �12 for z = 7 � 12)
for MUV

>⇠ � 16 at z > 10. It exhibits a shallower faint-
end slope (↵) by about 0.1-0.3 and and shows a drop of
about 0.5 dex in the number density at MUV ' �15,�16
at z = 11 � 12. Given the small di↵erences, even with its
capabilities of constraining the shape of the UV LF down
to MUV ' �16 the JWST will be hard pressed to obtain

constraints on whether mx
>⇠ 2 keV or mx

<⇠ 2 keV, solely
using the UV LF.

The suppression of small scale structure leads to de-
layed and more rapid stellar assembly in the 1.5 keV WDM
scenario (compared to the three other models) which re-
sults in galaxies of a given stellar mass being more UV
luminous, i.e. a lower M/L ratio. While the M/L relation
for CDM (and mx > 3 keV WDM) is well-fit by the func-
tional form logM⇤ = �0.38MUV + 2.4 � 0.1z, the M/L ra-
tion for the 1.5 keV WDM starts diverging from this rela-
tion at MUV = �19 at z ' 7, with a z-evolution in both
the slope and normalisation. The lower M/L ratios in the
1.5 keV scenario partially compensates for the dearth of low
mass halos, as a result of which the UV LFs predicted by our
semi-analytic galaxy evolution model are more similar than
simple estimates based on scaling of the halo mass functions.

Finally we estimate the redshift evolution of the SMDs,
which provide a more direct probe of the mass assem-
bly history (albeit requiring accurate multi-band photom-
etry). Integrating down to a limit of MUV ' �16.5 (corre-
sponding to a conservative JWST threshold), we find that
the 1.5 keV WDM SMDs evolve more rapidly with red-
shift than those predicted by CDM. Specifically, we find
log(SMD) / �0.44(1 + z) for CDM, with a steeper slope
of log(SMD) / �0.63(1+ z) for WDM with mx = 1.5 keV.
Indeed, CDM predicts about 3 (10) times more stellar mass
per unit volume as compared to the 1.5 keV scenario at z '
11 (13) integrating to magnitudes of MUV ' �16.5.

To conclude, we find that the build up of observable
high-z galaxies is similar in CDM as compared to WDM
models with mx > 3 keV. However, structure formation
(and hence the baryonic assembly) is delayed and subse-
quently proceeds notably faster for mx

<⇠ 2 keV than for
CDM. We expect the corresponding rapid redshift evolution
of the SMD to be detectable with the upcoming JWST, pro-
viding a powerful testbed for WDM models.

c� 0000 RAS, MNRAS 000, 000–000

Redshift evolution of stellar mass density with JWST-
detectable galaxies can allow constraints on WDM mass of 

about 2keV!
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Fig. 1.—

Fig. 2.— The CMB electron scattering optical depth (⌧es) as a function of redshift for the 4 DM models considered in this paper, as
marked in each panel. In each panel, the 4 lines show results using four di↵erent values of fesc = 1.0 (dot-dashed line), 0.5 (dashed line),
0.35 (dotted line) and the fiducial z-dependent value marked (solid line); we use the same z-dependence of fesc for both the 3 and 1.5 keV
cases. The z-dependent fesc value has been obtained by simultaneously fitting to ⌧es and ionizing photon emissivity observations. The
horizontal dashed line shows the central value for ⌧es inferred by the latest Planck (2015) with the gray shaded region showing the errors
allowed. The dotted line shows the central value for ⌧es inferred by Planck (2014) with the blue shaded region showing the errors allowed
(?); the dark gray region shows the overlap between the two planck results. As seen, using a z-dependent fesc, even WDM as light as
mx ⇠ 1.5 keV is in agreement with the Planck 2015 optical depth.

Reionization in different DM cosmologies

PD, Choudhury, Bromm & Pacucci, 2015

Planck 
2014

Planck 
2015

While old Planck optical depths rules out <2 keV WDM, the newer 
lower measurements are consistent with such light masses.

Planck 
2014

Planck 
2015



Reionization sources in different DM cosmologies

brighter than -13

------   brighter than -18

Currently detected galaxies contribute ~25% (~50%) of ionizing 
photons in CDM (1.5 keV WDM). Need to go as faint as UV magnitude 

of -13 to get 65% (100%) ionizing photons in CDM (1.5 keV WDM).

PD, Choudhury, Bromm & Pacucci, 2015
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Fig. 5.—

Fig. 6.— Fractional contribution to the cumulative H I ionizing photon density at z = 5 by galaxies of di↵erent halo masses (Mh; left
panel), stellar masses (M⇤; middle panel) and UV magnitude bins (MUV ; right panel) for the fiducial DM models considered in this paper,
as marked. Left panel: the solid and dashed lines show the contribution from galaxies with x >⇠ 109 and 1010.5M�, respectively. Middle

panel: the solid and dashed lines show the contribution from galaxies with x >⇠ 107 and 109M�, respectively. Right panel: the solid and
dashed lines show the contribution from galaxies with x <⇠ � 13 and �18, respectively.

out because they yield ⌧es values lower than that mea-
sured by Planck even in the (unlikely) case that all the
H I ionizing photons produced by every galaxy escape
into the IGM (i.e. fesc = 1). Thus, using a model that
incorporates the key physics driving the baryonic content
of high-z galaxies (star formation/feedback/mergers)
yields a limit of mx

>⇠ 3 keV that is competitive with re-
sults of mx

>⇠ 3.3 keV obtained using the Lyman-↵ forest
(?).8

We also find that while constant values of fesc >⇠ 0.5
fit the observed ⌧es for CDM and mx

>⇠ 3 keV WDM, a
constant fesc value severely over-predicts the emissivity
by about 1.6 (1.9)orders of magnitude for fesc = 0.2(0.5).

8 The constraints obtained from reionization models could, how-
ever, weaken to mx

>⇠ 1.5 keV in case the bounds on ⌧es are revised,
e.g., as in the latest (12/2014) Planck results.

Reconciling these two data sets requires a z�dependent

fesc = f0(
1+z
7 )↵ which provides enough photons at early

times to obtain the right ⌧es value, whilst yielding low
ṅion values at later times. We find that simultaneously
fitting to the two reionization data sets requires f0 =
(1.65, 1.25, 1.2)% and ↵ = (5.4, 6.8, 8.2) for CDM and
mx = 5, 3 keV WDM, respectively. We use the same
values for 1.5 keV as for 3 keV since the former never
reaches the required ⌧es value. Quantitatively, we find
fesc ' 1.4% at z ' 6 for all models, rising to 50% at
z ' 12, 11, 10 for CDM, 5 and 3 keV WDM, respectively.
As a result of the presence of the most small-scale

structure, reionization starts earliest in CDM, and is 50%
complete by z ' 13. Thereafter, the rising UVB sup-
presses star-formation in the very halos that drive reion-
ization drawing out its end stages. Indeed, reionization
is “photon-starved” in CDM and takes a total of about
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The emerging picture

• Observables like M/L are cosmology dependent!

•JWST SMD measurements may help distinguish between ~2 keV 
WDM and CDM (heavier WDM indistinguishable from CDM).

• New Planck reionization limits consistent with WDM as light as 
1.5 keV with most (all) reionizing photons coming from MUV ~-13 
galaxies in CDM (1.5 keV) WDM.



The cradles of life: which galaxy type is most 
habitable?

PD, Cockell, Rice & Mazumdar, 
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Galactic scale 
habitability:

Total number of 
planets

What fraction of 
these are 

unmolested by 
harmful radiation?

Total number of stars

Metals available

Fractional volume
irridiated by SN
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2. THE MODEL

We start by linking the habitability criteria mentioned
above to observable astrophysical quantities: firstly, the
total number of stars scales with the total mass in stars
(stellar mass) in a galaxy. Secondly, we make the rea-
sonable assumption that the metallicity of stars closely
follows that of the gas from which they formed, with
the gas-phase metallicity being a direct observable for
galaxies in the local Universe. Thirdly, we make the sim-
plifying assumption that stars are homogeneously dis-
tributed throughout the galaxy so that the probability
of planets hosting complex life is inversely proportional
to the fractional volume irradiated by recent SN: a SN
exploding in a large galaxy will have far less of an im-
pact on far-flung planets as compared to a small galaxy
where a few SN could expose all of the planets to high
doses of cosmic radiation, rendering them less hospitable
for complex life. The fractional volume irradiated by SN
depends on the volume a↵ected by a single SN multi-
plied by the SN rate, divided by the total volume of the
galaxy. While some theoretical estimates suggest only
SN going o↵ closer than 10 parsecs (pc)7 to a planet
can harm complex life or cause mass extinctions (Ellis &
Schramm 1995), the e↵ects of high radiation doses and
climatic disturbances on complex life are only poorly un-
derstood at best (Scalo & Wheeler 2002). We encode
our uncertainty by defining that only SN going o↵ closer
than Q pc to a planet can potentially harm/inhibit the
growth of complex life which yields a total a↵ected vol-
ume of 4

3⇡(Q pc)3. Type II SN explode when the core
mass exceeds the Chandrasekhar mass limit of 1.44 so-
lar masses producing about 1053 erg/s of energy, 90% of
which is radiated away as cosmic radiation (Shklovskii
1960; Woosley & Janka 2005) that could be potentially
harmful for complex life. Given that all SN radiate
roughly the same amount of energy in harmful radiation,
Q can be assumed to be the same for all SN which results
in it being factored out in our final equations; the exact
value of this unknown parameter then never enters into
our calculations which focus on defining the habitability
of galaxies relative to the MW. We note that this is an
upper limit to the total volume irridiated since SN gener-
ally go o↵ in high-density star-formation regions irradi-
ating the same volume. Further, the SN rate is linked to
the ongoing star formation rate through the initial mass
function (IMF) that describes the distribution of mass in
a freshly formed stellar population. For this work, we as-
sume the commonly-used Salpeter IMF (Salpeter 1955)
for stars in the range of 1� 100 solar masses (M�), with
stars more massive than 8M� exploding instantaneously
as SN; the total volume of a galaxy roughly scales with
the total stellar mass (e.g. Moster et al. 2010) and we
ignore the scatter in this relation for simplicity.
This yields the three key astrophysical criteria that

determine the habitability of a galaxy : (a) the total
number of stars (N

tot

); (b) the probability of these stars
hosting terrestrial planets or gas-giants (P

t

and P
g

re-
spectively); and (c) the fraction of these planets that are
una↵ected by SN radiation and therefore have a higher
probability of supporting complex life (P

cl

). Each of
these terms is derived as now explained in what follows.

7 A parsec is a cosmological distance measure equalling 3⇥ 1018

cm.
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Fig. 1.— The fundamental metallicity relation (FMR) linking
the key physical properties of total stellar mass, star formation
rate and gas-phase metallicity (Mannucci et al. 2010; Lara-lopez
et al. 2010). The regions are colour-coded according to the values
of the absolute metallicity shown by the colour bar. Sloan Digital
Sky Survey (SDSS) observations show that more than a hundred
thousand galaxies in the local Universe lie on a very thin plane
(with minimal dispersion) in this three dimensional space, showing
an intricately linked physical origin. Our Milky Way (black dot) is
a “typically average” galaxy, as shown by its position on the plane.

The total number of stars (N
tot

) present in a galaxy
should be proportional to the total stellar mass (M⇤)
built up over its entire assembly history such that N

tot

/
M⇤.
Next, we link the probability of the galaxy having

terrestrial (P
t

) or gas-giant planets (P
g

), depending on
its metallicity where we implicitly assume that gas and
stellar-phase metallicities are correlated. Buchhave et
al. (2012) have used Kepler data for 226 exoplanets and
spectroscopy of their host stars to show that small terres-
trial planets (with radius less than 4 times the earth ra-
dius) might be equally probable around stars with metal-
licities ranging between 0.25� 2.5 solar metallicity (Z�;
see also Petigura et al. 2013). Given the small sam-
ple, we assume that the probability of finding terrestrial
planets can be related to the gas-phase metallicity (Z

g

)
as P

t

/ Z↵

g

, where ↵ is a free parameter. We then study
P
t

in two limiting scenarios: ↵ = 0 (↵ = 1) such that
there is no (a strong) probability dependence of terres-
trial planets on the gas-phase metallicity; while the first
agrees better with observations (Buchhave et al. 2012;
Petigura et al. 2013), the latter gives an indication of
the variation expected if the probability were to depend
strongly on metallicity. To obtain P

g

, we use the re-
sults of Wang & Fischer (2015) who have obtained high-
resolution spectroscopy of about 1040 stars in the Keck,
Lick and Anglo-Australian Telescope planet search sur-
veys to show that the probability of gas-giants scales with
the metallicity as P

g

/ 102Zg .
Finally, we need to calculate the fraction of planets

that receive high doses of cosmic radiation due to nearby
SN. SN explode after roughly 28.6 million years (Myrs;
Padovani & Matteucci 1993) and so the volume irradi-

Stellar mass

Ongoing SFR

Gas-phase 
metallicity

Most habitable galaxy type 3

Spirals Ellipticals

Log(Stellar mass/M!)
7 7.5 8 8.5 9 9.5 10 10.5 11 11.5

L
og
(S
ta
r
fo
rm

at
io
n
ra
te
/M

!
/y
r)

-2

-1.5

-1

-0.5

0

0.5

1

1.5

-8

-6

-4

-2

0

2

Log(Stellar mass/M!)
7 7.5 8 8.5 9 9.5 10 10.5 11 11.5

Fr
ac
tio
n

0

0.5

1

Fig. 2.— Upper panel: The fraction of total galaxies that can be identified as well-defined spirals (red line) and blob-like ellipticals (blue
line) as a function of the stellar mass, as observed by the Galaxy And Mass Assembly (GAMA) survey (Kelvin et al. 2014). While low
mass galaxies are most often spiral systems their fraction drops with mass to roughly half at 1010M� with the most massive galaxies
( >⇠ 1011M�) almost all being ellipticals. Lower panel: The number of earth-like habitable planets in galaxies occupying di↵erent regions
of the star formation rate-stellar mass plane, normalised to the MW assuming no-metallicity dependence (↵ = 0 in Eqn. 6). The values
of the ratio (in log) are shown by the colour bar. Our results clearly show that the number of habitable earth-like planets (compared to
the MW) increases on the diagonal that traces increasing stellar mass and decreasing star formation rate. Low-mass spirals ( <⇠ 109M�) of
any star formation rate provide inhospitable environments for earth-like planets to form and evolve. It is predominantly giant ellipticals
(masses larger than 2.5 times the MW) with low star formation rates (less than a tenth of the MW) that provide the best environment for
habitable planets to form.

ated by a SN due to the ongoing star formation ( ) is

V
irr

=
 

53.17

4

3
⇡(Q pc)3(28.6Myrs) (1)

where [53.17M�]�1 is the SN rate for the chosen Salpeter
IMF and SN can su�ciently enhance ionizing radiation
so as to a↵ect planets within a radial value of Q pc as
explained above. Further, the total volume occupied
by the stars is taken to be V

tot

= M⇤/⇢ where we as-
sume a homogeneous stellar-mass distribution. The in-
terstellar media of galaxies is assumed to have a density
⇢ = 200⇢

crit

where ⇢
crit

is the critical density of the Uni-
verse. Then, the factional volume irradiated by recent
SN is

f
irr

=
V
irr

V
tot

=
( /53.17)⇥ (4/3)⇡(Q pc)3(28.6Myrs)

M⇤/⇢
(2)

The probability of planets suitable for hosting complex
life (P

cl

) is then inversely proportional to the volume
irradiated by recent SN as explained above.
Therefore, the number of habitable terrestrial planets

will be some fraction of those that have avoided SN irra-
diation, and can be expressed as

N
t

/ N
tot

P
t

P
cl

/
N

tot

Z↵

g

f
irr

(3)

or,

N
t

/
0.739M⇤Z↵

g

M⇤/⇢

( /53.17)⇥ (4/3)⇡(Q pc)3(28.6Myrs)
. (4)

Removing the various constants,

N
t

/
M2

⇤Z
↵

g

 
. (5)

Using the same approach, the number of habitable gas-
giants can be expressed as

N
g

/ M2
⇤10

Zg

 
. (6)

Of course, we don’t necessarily mean that the gas-giants
themselves could be habitable, but that they may host
moons/satellites that could have conditions suitable for
life (Kipping et al. 2009).

3. LINKING HABITABILITY WITH ASTROPHYSICAL
OBSERVATIONS

In an exciting development, observations with the
Sloan Digital Sky Survey (SDSS) show that the three
key physical properties (total stellar mass, ongoing star
formation rate and gas-phase metallicity) are intricately
linked with minimal scatter for more than a 140,000
galaxies in the local Universe through an intrinsic “Fun-
damental Metallicity Relation” (FMR; Mannucci et al.
2010; Lara-lopez et al. 2010) as shown in Fig. 1. The
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Giant ellipticals roughly twice as massive as MW, with a 
tenth of its SFR best places for habitability
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