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ABSTRACT

We constrain the warm dark matter (WDM) particle mass withdbservations of cosmic reionization and
CMB optical depth. We suggest that the GWs from stellar méssktholes (BHs) could give a further con-
straint on WDM particle mass for future observations. Tlae &irmation rates (SFRs) of Populatigh (Pop
I/I1) and Population Il (Pop Ill) stars are also derived. letmetallicity of the universe have been enriched
beyond the critical value df.; = 10-35Z,, the star formation shift from Pop 1ll to Pogllistars. Our results
show that the SFRs are quite dependent on the WDM particls,neapecially at high redshifts. Combing
with the reionization history and CMB optical depth derifeaim the recenPlanck mission, we find that the
current data requires the WDM patrticle mass in a narrow rafde&keV < my < 3keV. Furthermore, we sug-
gest that the stochastic gravitational wave background\{Biproduced by stellar BHs could give a further
constraint on the WDM particle mass for future observatidror m, = 3 keV with Salpeter (Chabrier) initial
mass function (IMF), the SGWB from PofllIBHs has a peak amplitude 6igy ~ 2.8 x 10° (5.0 x 10°°)
at f = 316Hz, while the GW radiation at < 10Hz is seriously suppressed. Foy = 1keV, the SGWB
peak amplitude is the same as thahgf= 1 keV, but a little lower at low frequencies. Therefore, ihard to
constrain the WDM patrticle mass by the SGWB from P#pBHs. To assess the detectability of GW signal,
we also calculate the signal to noise ratio (SNR), which &R S 37.7 (665) and 27 (477) for m, = 3keV
andmy = 1 keV for Einstein Telescope (ET) with Salpeter (Chabrikti] respectively. The SGWB from Pop
Il BHs is seriously dependent on the WDM patrticle mass, thg &rength could be an order of magnitude
different and the frequency band could be two timékedént form, = 1 keV andm, = 3keV. Moreover, the
SGWB from Pop IIl BHs withm, = 1 keV could be detected by LISA for one year of observatiob chn not
for my = 3keV.

Subject headings: cosmology: theory - dark matter - cosmology: reionizatigmavitational waves

1. INTRODUCTION On large cosmological scales (from the range 1Gpc

The astrophysical and cosmological probes have confirmeddoWn 1 ~ 10Mpc), CDM paradigm has great success in
that baryons constitute only some 16% of the total matter in €XPlaining the observed universe and reproducing the lumi-

the Universe. The rest of the mass is in the form of ‘dark Nous structures (Fixsen etal. 1996; Borgani & Guzzo 2001,
matter’ (DM). The nature of DM particles is poorly under- Lange etal. 2001, Cole etal. 2005; Tegmark etal. 2006,
stood, as they do not interact with baryons. Many indirect BEnson 2010; Wang 2013; Hinshaw et al. 2013, Slosar et al.
searches have been carried out, including searching-for 2013; Planck Collaborationetal. 2014; Weietal. 2016).
ray signals at the Galactic center, in nearby galaxies, and-iowever, on small scaless(1Mpc), there are still some
the difusey-ray background (Ackermann et al. 2012, 2014; discrepancies between the CDM paradigm and observatloqs.
The Fermi LAT collaboration 2015). However, none of them (&) the core-cusp problem (Navarro, Frenk, & White 1997;

could provide robust evidence for the observation of DM. Subramanian, Cen, & Ostriker 2000). ~ CDM simulations

The GeVy-ray excess from the Galactic center could be a Predict a cusp-core DM halo, whereas the observations
signal of DM annihilation, but still can not be confirmed find them cored (Saluccietal. 2012); (b) too big to fail

(Daylan, Portillo, & Finkbeiner 2015; Zhou et al. 2015). problem  (Boylan-Kolchin, Bullock, & Kaplinghat ~2012).
Among various DM candidates, the most popular CPM simulations predict a central DM density signif-

candidate is the weakly interacting massive particles icantly higher than the observation that allowed; and

(WIMPs: like the neutralino), which have mass in (c) the ‘missing satellite problem’. N-body simulations

GeV range (Jungman, Kamionkowski, & Griest 1996; based on the CDM paradigm predict a number of sub-
Bertone, Hooper, & Silk 2005; Hooper & Profumo  2007: halos larger than that of satellites found in our Galaxy

Feng 2010). The WIMPs are non-relativistic at the epoch (Klypinetal. 1999;\ (Ij\/lorc])re ett?" 1999; Pe:jpasterg:ljis ethal.
of decoupling from the interacting particles and have 2911). Many methods have been proposed to solve these

negligible free-streaming velocities. Therefore, theg ar Small scale problems, such as modifying the nature of

‘cold’, called cold dark matter (CDM). In CDM scenario, DM from the CDM paradigm (Hu, Barkana, & Gruzinov
‘halos’ formed in small clumps, and then merged to- 2000, Spergel& Steinhardt 2000; Su & Chen 2011

; ; ; : Menci, Fiore, & Lamastra  2012), adding  supernova
gether into larger and massive objects. Galaxies formed ° > . . )
in these halos are because of the cooling of atomic hydro-€edback éect in simulation (Weinberg & Katz 2002;
gen (H: Tegmark etal. 1997) or molecular hydrogen:(H Mashchenko, Couchman, & Wadsley 2006; Governato et al.

Ciardi, Ferrara, & Abel 2000; Haiman, Abel, & Rees 2000). 2010; Pontzen & Governato 2014), and considering the
interplay between DM and baryons during the forma-
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tion of the galaxy (El-Zant, Shlosman, & fman 2001; Treu et al. 2013; Pentericci et al. 2014; Schenker et al. 2014
Tonini, Lapi, & Salucci 2006; Pontzen & Governato 2014). McGreer, Mesinger, & D’Odorico 2015). These measure-
However, these methods are ifistient to solve all the above ments gauge the level of the reionization history from the
problems. high-redshift stars. Furthermore, as the high-redshéfisst
Alternatively, a more possible solution to these formed in small halos are greatlyfected by the halo num-
small scale problems is the warm dark mat- ber density, their formation rates could provide a inditest
ter (WDM) scenario, with DM particle mass in onthe WDM scenario.
keV range. The candidates are sterile neutrinos On September 14, 2015 the Advanced LIGO observed the
(Dodelson & Widrow 1994; Abazajian, Fuller, & Patel 2001; gravitational-wave event GW150914 (Abbott et al. 2016a).
Abazajian & Koushiappas 2006; Shaposhnikov & Tkachev The observed signal is consistent with a black-hole binary
2006; Boyarsky, Ruchayskiy, & Shaposhnikov 2009; waveform with the component massesnaf = 36*; M, and

Kusenko 2009; Abazajianetal. 2012) and grav- p, — 294 M,, which demonstrates the existence of stellar-
Itinos (Kawasaki, Sugiyama, & Yanagida 1997, mass black holes massive than 25.Mhe second GW can-
Gorbunov, Khmelnitsky, & Rubakov 2008). = WDM par- gigate GW 151226 was observed by the twin detectors of
ticles are lighter than CDM particles, so they could remain the Advanced LIGO on December 26, 2015 (Abbott et al.
relativistic for longer time in the early universe and ratai 2016b). The inferred initial BH masses are2[*§-7M® and

a non-negligible velocity dispersion. They are more easy to 7.5%%'\/'@, and the final BH mass is ZQ?‘%M@ The de-

free-stream out from small scale perturbations, and sggpre : . s
the formation of subhalos (BodtreJ Ostriker, & Turok 2881' cay of the waveform at the final period are also observed,
Lovell et al. 2014). The most povx;erful test for WDM sce- Which are consistent with the damped oscillations of a black
nario is thé high-rédshift universe. A number of works have hole relaxing to a stationary Kerr configuration. The col-
been done to constrain the WDM particle mass)( For lapses of Popyll or Pop Il stars into black holes (BHs) could
example, Kang, Maccio, & Dutton (2013) gave a lower limit also release gravitational waves (GWs; Buonanno et al.;2005
of m, > 0.75keV by reproducing the stellar mass functions Sand.|ck etal. 2006; .Suwa etal. 2007; Pereira & Miranda
2010; Ott etal. 2013; Yang, Wang, & Dai 2015), which is

and Tully-Fisher relation for & z < 3.5 galaxies. Viel et al. ’ . ; Lo
dominated by ‘quasi-normal ringing’ of a perturbed black
(2013) used Lyman- flux power spectrum measured from hole. Therefore, it is expected that the Advanced LIGO could

g}gh—re: 0?I)u3t||(()2\;s p%(ggozfzfe?gfsérglt% ?g;'jnh? Irc])z/;/gdlt shr:ri]flt also observe this kind of gravitational wave radiationghia
(z 21)(4)~ga.mma-.ray bursts to coﬁstraim( > 16— 198 KkeV paper, we will calculate the SGWB from BH ‘ringing’, which

; ; lates with the de-excitation of the BH quasi-normal modes
Dayal et al. (2015b) constrained > 2.5 keV by comparing re . . .
the semi-analytic merger tree based framework for high- Because the SGWB is quite dependent on the SFR, it could

. T . : AR be used to constrain the WDM patrticle mass indirectly. Sev-
redshift ¢ ~ 5 — 20) galaxy formation with reionization eral GW detectors are operating or planed in future: adwénce
indicators. Lapi & Danese (2015) gave a narrow constraint ! . :
of 2 < my < 3keV by combining the measurements of the VIRGO and LIGO working atv 10Hz - 3kHz, the Einstein
galaxy luminosity functions out ~ 10 from Hubble Space 'Il_'elesc?rie (fET) W'tth thg Sens'RV? fr%%lﬁg% of 100Hz, me
Telescope (HST) with the reionization history of the universe aser ‘Imerteromeler space Anten >A) covering the
from the Planck mission. Pacucci, Mesinger, & Haiman frequency range of 1@ — 0.1Hz, the Decihertz Interferome-

; - ; ter Gravitational wave ObservatdrgDECIGO)(Kudoh et al.
ng(;lj)lgﬂgﬁggang%fiei keV by using the number density 2006), and the Big Bang Observer (BBO) operating in the

Given that structures are formed hierarchically and WDM _range_”(Dl — 10 Hz. T_hzrefofre, %W signal fromf %HSVGB%
scenario smears out the power on small scale, the numA"9Y \.N'I open a new window for the restriction of the
ber density of the smallest halos (or galaxies) at high red- Particle mass.

e _ This paper is organized as follows. In section 2, we de-
2g{bv¥ﬂlebSerRt;og]gl)léodpe?lrlegl;erg, a?]r:jd htig%r-]régihﬁ‘f I;(.mlji?pe scribe the hierarchical formation scenario in the framéwor

: : f WDM paradigm. In section 3, we construct the SFRs of
stars, because they are firstly formed in these small ha-2 ’ :
los (Barkana & Loeg 2001) Pyop Il stars are the massive Pap Yl and Pop Il stars, and compare them with the recent
stars with masses 100M (é g., Bromm, Coppi, & Larson observations. In section 4, we constrain the WDM patrticle
0] SRR ’ ’

; . ith the CMB optical depth and the reionization his-
1999; Abel, Bryan, & Norman 2000; Nakamura & Umemura mass with t
2001), which are formed in metal-free gas. The deaths!©7Y- [N Section 5, we calculate the SGWBS from Papand

; . Pop Il BHs. Finally, conclusion and discussion are given in
of Pop Il stars lead to the metal enrichment of inter- . :
galactﬁ: medium (IGM) via supernova feedback, and subse-Section 6. Throughout this paper, we adopt the standard flat

quently the formation of Pogll stars (the cricitical metal- cosmology with cosmological parametés = 0.72 Qn, =

_ _ 1 ~1 _
licity is 10735Z,; Ostriker & Gnedin 1996; Madau & Rees 0.28,Qp = 0.046 Ho = 70kms™Mpc™, andos = 0.82.

2001; Bromm & Loeb 2003; Furlanetto & Loeb 2003). The 5 e aRcHICAL FORMATION SCENARIO IN WDM MODEL
mass of Pop /Il stars is in the range of .0 ~

100M,. The first light from Pop Ill stars brought the In the framework of hierarchical formation scenario,
end of the cosmic dark ages, and then the universe bePress&SChechter (1974) first gave a stralghtforward semi-
gan to reionize. Recent observation froffanck mis- ~ analytic approach for the abundance of dark matter ha-
sion measured the integrated CMB optical depth with l0s, which is known as the Press-Schechter (PS) formal-
7 = 0.0663912 (with the constraint fronPlanck TT+low ~ iSm. ~An improved PS-like simulation was proposed by
polarization-lesing-BAO; Planck Collaboration et al. 2015), Sheth & Tormen (1999), and they considered the collapse
and most of the observations show that the universe was

fully reionized at redshiftz ~ 6 (Chornocketal. 2013; ihttpv/lisa-nasa-gdv N
httpy/universe.nasa.gferogramvision.html
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of the ellipsoidal halo rather than the spherical one. In with both the WDM particle massy and the energy density
quantitative studies (Greif & Bromm 2006; Heitmann et al. fractionQy, which can be written as

2006; Reed et al. 2007), the Sheth-Tormen (ST) approach was 011 11 122

proved to be more accurate. Therefore, we also choose ST~ _ _ 0'049( Qx ) ( mk )’ : ( h ) hMpc.  (8)

formalism in our following calculations. 0.25 keV 0.7
Based on the ST formalism, the halo mass function could . .
be described as As mentioned above, the smallest structure formed in
62 dispersion of WDM particles. Therefore, the minimum halo
. (@ mass should also be quite dependent on the WDM patrticle
whereA = 0.3222 a; = 0.707, p = 0.3 is the best-fitting val- ~ 2013)
ues from simulationsj. = 1.686 is the critical over density,

WDM model is greatly suppressed by the residual velocity
2a1 0'2 P 6(;
fST(O') =A\/— |1+ > —eX
T a0?) | o 202 > e
mass. We describe the minimum halo mass as (de Souza et al.

and o (M, 2) is the variance of the linear density field. The M ~18x 101 Qh? vz my ™4 9
number of dark matter halos per comoving volume at a given wom ¥ 1.6 X 015 (1keV) ® ©)
redshift within the mass intervéd ~ M+dM could be related ) o
to fst as Then, we could calculate the fraction of the baryons inside
N structures. Here we assume that the baryon distributicesra
dnsr(M. 2) = pmdino" (0)dM (2y  the dark matter distribution without bias, and the baryonic
ST M dMm ' ’ density is proportional to the density of dark matter. There
wherepn is the mean density of the universe. In a Gaussian 0r€: the baryonic fraction in structures can be given by
density field, the variance of the linear density field in the f°°‘ nst(M, 2MdM
local universe with mass M is given by fp(2) = i , (10)
Pm
1 (ee]
o?(M,0) = ﬁfo K*P(K)W?(kM)dk, (3)  wherepnm is the mean density of the universe. Considering

that the minimum halo should be capable of forming stars, we
whereP(K) is the power spectrum of the density fluctuations rewrite the minimum halo mass as

atz = 0. W(k, M) is the shargk-space filtering with

(M) eopace Herns Moo = Max{Mga(@), Muwon(mo)l, (a1

W(k, M) = { 0 :f ki kSERg, (4)  whereMg,(2) corresponds to the halo mass that could be ef-
’ SU ficiently cooling by H gas with the virial temperaturg,, =

whereR = (3M/4rp)Y3 is the radius of the halo with ma#4, 10* Kelvin, which could be given by
andks = a/Rwith a = 2.5 (Benson et al. 2013). The redshift o3 32 32
dependence enters only through the linear growth fdatay, Mga(2) ~ 10° x (i)‘ / ( Tvir ) 1+z Mo, (12)
which could be taken &3(2) = g(2)/[9(0)(1+ 2)] with oal 0.6 10°K 10 ©

5Qm(2) (5) heren = 1.22 is the mean molecular weight. In fabypw >
47 _ Q@ [NEITN Mga for my < 2keV, and hencéM,i, is not sensitive to the
2m(2 2@+ (1 + =+ 560 exact value oMg, for low WDM particle mass.
thereforeg(M, 2) = oo(M, 0)D(2). The baryonic fraction in structures can be given by equa-
In the CDM model, the primordial power spectrum is as- tion (10), therefore, we could describe the accretion réte o
sumed to be power dependent on scale and multiplied by abaryon into structures at fiierent cosmic time. Following
transfer function, where the fluctuations are only deteediin  Daigne et al. (2006), it could be described as
by the interplay between self-gravitation, pressure amdpda 1
ing processes. However, in the WDM model, the WDM B dt) " |dfu(2
ab(t) - prc dZ i

92 ~

particles are relativistic. So the linear fluctuation arygle dz (13)

is suppressed below the free-streaming scale of the WDM _ " . :
particle. The comoving free-streaming scale is given by wherep is the critical density of the universe. The age of the

(Bode, Ostriker, & Turok 2001) universe could be related to the redshift by
2411/3 —4/3 dt _ 9.78h‘1Gyr
e~ 0222} (M o ©6) i = (14)
0.15 keV (1+2vQp +Qm(1+Z

whereQ, is the fraction of the energy density in WDM par- ~ Thereafter, we will calculate the formation rates of PAb |
ticles relative to the critical energy density,s the Hubble ~ and Pop Ill stars in the framework of WDM paradigm, and
constant in unites of 100 kasMpc‘l, andm, is the WDM study the &ect of the WDM particle mass on their formation
particle mass. Following Bode, Ostriker, & Turok (2001th rates.
power spectrum should be modified by a transfer function be-

X k . 3. COSMIC STAR FORMATION RATE
low the free-streaming scale, which can be described by

First, we should make it clear that how the matter trans-

Pwom (K) = Pcom(K) [1+ (ek)zﬂ]_sy, (7) fer among stars, interstellar medium (ISM) and intergalac-

tic medium (IGM). Four fundamental processes should be
whereu = 1.12, Pywpm(K) andPcpm(K) are the power spec- included: (a) the accretion of baryons from IGM to form
tra in WDM and CDM paradigms, respectively.is related structuresay(t); (b) the transfer of baryons from structures
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(or ISM) into stars,¥(t); (c) stars return mass to the ISM on the mass of progenitor, and we give a descriptiomioeis
through stellar winds and supernova(t); (d) the outflow follows (Pereira & Miranda 2010):

of baryons from structures into IGM through galactic winds &) Stars withm < 1 M, do not contribute tdve;;

and direct ejecta of stellar supernowé). In this section, we b) Stars with 1 M, < m < 8 M,, dies as the carbon-oxygen
will describe how to calculate the above four processes. Forwhite dwarfs with remnants

the first point, the baryonic accretion ragt) is described by

equation (13). For the second point, we will calculate bbéh t m, = 0.1156m + 0.4551; (21)
formation rates of Pogll and Pop Il stars. For simplicity, we .

assume both the SFRs follow the Schmidt law (Schmidt 1959, €) Stars with 8 M < m < 10 M left the oxygen-neon-
1963), i.e., SFRs are proportional o the gas densjts) in magnesium white dwarfs as the remnants with= 1.35 Mo;
structures. Here we employ an exponentially decreasing SFR d) Stars with 10 M < m < 25 M, left neutron stars as

S . : remnantsify = 1.4 My);
(Daione ot ol 2006). Haneo. we e, onal data aultewell ey stars with 25 M < m < 140 M, produce black hole

remnants equal to the helium core before collapse with (see
pg®) i B _ Heger & Woosley 2002),
\Pl/” (t) = fl—T e (t t|n|l)/'r1(1 —e ZIGM/Zcm), (15) 13
1
. _— . . M = Mye = — (M- 20 Mp). (22)
whereti,; is the initial age of the universe at redshif; 24
and 7, is the star formation time scale. Here we consider ) Stars with 140 M, < m < 260 M, explode as pair-

fie (/™1 as the star formationficiency of Pop ll stars, instability supernova (PISN) (Heger & Woosley 2002)) and
which could be determinated by the observed SFR at low red-|eft nothing.

shift. The last term represents the fraction of gas that ataim g) Stars with 260 M < m < 500 M, collapse directly into
populated by outflows of structures, whéefigy is the metal-  gHs without mass lose.

licity of IGM and Ze;ix = 1073°Z, is the critical metallicity. For the fourth point, the outflow of baryons from structures
For Pop Il stars, we assume an exponential decease star folinto the IGM could be computed by
mation model, which could be described as (Daigne 2006)

— 2 (M _ )
i (t) = Fapg(t)e2em/Zn, (16) o(t) = Visd2) Jmax(8 Mo, my()] Ame(m) ¥ [t = 7(m)] Buan(m) +
i rTéup _ ’
For the star formationficiency, we set a typical value of %@ Jmaxacom, o) I L) P [t = w(M] B, ()(23)

f, = 4.5% (Daigne etal. 2004). Such a value is just lo-
cated within its theoretically-expected range-0f06 — 103
(Greif & Bromm 2006; Marassi, Schneider, & Ferrari 2009).
Therefore, the total mass rate that goes into stars is

whereEy, is the kinetic energy released by the explosion of
a star with massn, we give a value oEy, = 10°erg for
Pop JIl stars andEj,, = 10°%erg for Pop IIl starse = 1073

is the fraction of kinetic energy that is available to power t

M, outflow. V2.(2) is the mean square of the escape velocity of
dvar = D ® +¥u (1), (7) structures at redshift z (e.g., Scully et al. 1997), whicll te
described by

which is the sum formation rate of Pofblland Pop Ill stars.
We assume two IMFs for both Pogllland Pop Il stars.

The Salpeter IMF (SIMF; Salpeter 1955) is Vesd?) =
M

O(m) oc M), (18) _ .
Combing equations (13), (17), (20) and (23), we could de-
with x = 1.35. The Chabrier IMF (CIMF; Chabrier 2003) is  rive the evolution of the gas densjty(t) in structures at each
cosmic time, which could be written as
. dzM* dZMej
(19) Pe=~gvar T avar T ap(t) — o(t), (25)

The two IMFs are normalized independently for these two and the metal enrichment history of the IGM could be de-
kind of stars, but with dferentintegrate mass range. We con- scribed by

sidermps = 0.1My andmgy, = 100M, for Pop VIl stars,

fh‘;‘;m dMnst(M, 2)M(2GM/R)
. dMnst(M, M

(24)

2x(0.69F

o 0158 g5 10BN M)109000F. it 1 <
m-23, if m> 1Mo,

m,; = 100M, andn,,, = 500M; for Pop |1l stars. 1 o)t
For the third point, the mass ejected from stars through stel Zim(t) = e e . (26)
lar winds and supernovae into ISM is given by peQp— [ ap(t)dt + [ o(t)dt
d?M; Msup which is the mass fraction of metal populated gas to IGM
=f (m—-m)®(M)¥ (t — Tm)dm+ gas. Here we assume that stars begin to form at the ini-
dvdt m(t) tial refshift of z,; = 30. For Pop Ml stars, we deriver;

Msup by comparing the model-predict SFR with the observation
f (M =))Wy (t — 7w )dn?,  (20)  from Madau & Dickinson (2014). We find that = 3.8 Gyr
m () could reproduce the low-redshift SFR quite wetl £ 4),
wherem(t) corresponds to the stellar mass whose lifetime is and we derivef; = 0.83 by normalizing the local SFR
equal to the age of the univerg®. (We use the mass-lifetime  to 0.016 M, yr *Mpc™3. Therefore, the star formatiorffe
relation proposed by Scalo (1986) and Copi (1997) to deriveciency of Pop /ll stars (or the #iciency of conversion of
m(t) or the stellar lifetimer,,. The mass remnam, depends  baryons in the halo to Pogll stars) is 083 g~ (t-tin)/(38Gyn),
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which is consistent with the results from the abundance point, many works have shown that the escape fraction should
matching techniques or the gravitational lensing measure-evolve with redshift. Following Hayes et al. (2011), the-red
ments atz < 4 (Mandelbaum et al. 2006; Shankar et al. 2006; shift evolution offesccould be described by
Moster, Naab, & White 2013; Velander et al. 2014).

In Figure 1, we show the SFRs obtained from the self- foudd) = (11;1) , if z< 111, (28)
consistency model with ffierent WDM particle masses for =TT, if z> 111
Pop VIl and Pop Il stars:m, = 1keV (black solid lines for
SIMF, black dashed lines for CIMFip, = 2 keV (blue solid By defining the volume filling fraction of ionized hydrogen
lines for SIMF, blue dashed lines for CIMF) ang = 3keV Qu, , we could calculate it from the flerential equation (e.g.,
(red solid lines for SIMF, red dashed lines for CIMF). The Barkana & Loeb 2001; Wang 2013; Robertson etal. 2013,
observed SFR is taken from Madau & Dickinson (2014). Our 2015).
model could reproduce the observed SFR at low redshift. The

high-redshift SFR varies significantly, and it is sensitige ) i, (2)
the WDM particle mass. Especially for Pop Il stars, the Qu, = Y - agC((L +Y)Nu(20Qn,, (29)
peak SFR could be orders of magnitud€etient. Compar- (1+y)W(2

ing with the observations, we could give a crude constraint,,, - 19x 1071 3 em 3 is th ber den-
on the WDM particle mass. The WDM particle mass should gtye:)efnhH)(/(zj)rogeh :mdrB (:+2.Z()3 XCTorlgscnﬁespluirg tﬁ{a ree?

be larger than 1 keV, because the model isfiisient to re-  compination cofiicient for electron with temperature at about

produce the current observation of SFR at redshftS. In 14k The factolyis introduced by considering the ionization
order to test the validation of our model and the parametersi ¢ helium. because the universe at the reionization epoch in

volved, we compared our SFRs with the one derived from UV cludes both hydrogen and helium, whose mass fractions are
luminosity functions, e.g., SFRs from Robertson et al. §01 - 0.74 andY = 0.26 (Pagel 2000), respectively. Here
(shown as the gray lines in Figure 1), and the results are com we assume that the helium was only once ionized, there-
parable for 1 ke\K my < 3keV atz < 10. On the other hand, re, we derivey = Y/(4X) ~ 0.08. The clumping factor

we calculated the SFRs by assuming that the SFR (in units off of the ionized gas is defined I6y = (n /g 12=2.9 (e.g.

n '

M, yr1) in a structure is directly connected to the halo mass
o = Pawlik, Schaye, & van Scherpenzeel 2009 Shull et al. 2012).
(Mp), which is SFRx M. We find that a value of = 0.9 Combing equations (27) and (29), we could give a numeri-

could give the good pred|ct|ons for SFRs at ¥ < 9 for all . ; gt :
cal solution forQy, (2) by settingQy, = 0 at the initial refshift
my (shown as the dash-dotted lines in Figure 1), which is also of z; = 30. Ther”efore, the CMB E)ptical depth can be calcu-

consistent with results derived from the abundance magchin : : L
; ) .._lated by integrating the electron density times the Thomson
techniques (e.g., Shankar et al. 2006; Moster, Naab, &Wh|teCross section along proper length as

2013; Aversa et al. 2015). Furthermore, the transition from
Pop Il stars to Pogy/ll stars is quite dierent, which is mainly Zini dt
determinated by the metal enrichment history. As shown in T=—(1+ Y)(TTCf NH(Z)Qn, (2) -0z (30)
Figure 2, we calculated the metal enrichment history of IGM 0
for different WDM particle masses (solid lines for SIMF and Here, the upper limit of the integral valuezag ~ 30, because
dashed lines for CIMF). The transition occurszat= 10 the CMB optical depth could be mainly contributed by the
form, = 1keV,z = 14 formy = 2keV andz = 17 for electrons at relatively low redshift with< zy,; (Larson et al.
my, = 3keV, which is consistent with the previous results 2011).
(e.g., Yang, Wang, & Dai 2015). Considering that the tran- Observation on the ionization fractioQy, is making
sition should not occur at a too much high redshift and the great progress: the star-forming galaxies showing eynis-
metallicity of IGM should not exceedi, (Daigne et al. 2006), sion up toz ~ 7 — 8 (Treuetal. 2013; Pentericci et al.
it seems that the WDM particle mass should less than 3keV. 2014; Schenker et al. 2014); the dydamping wing ab-
sorption constrains from GRB host galaxies (Chornock et al.
4. COSMIC REIONIZATION 2013); the number of dark pixels in kyforest observation
The cosmic reionization history is dependent on the high- of background quasars (McGreer, Mesinger, & D’Odorico
redshift SFR, meanwhile the high-redshift SFR is senditive 2015). Most of the observations give strong evidence ttet th
dependent on the WDM patrticle mass. So the cosmic reion-reionization ending rapidly near~ 6. Figure 3 shows the
ization history could be a useful tool to probe the WDM par- neutral fraction of - Qu, from observations and constrains
ticle mass. We assume that the cosmic reionization is dom-from SFRs shown in Figure 1. The corresponding CMB op-
inated by the high-redshift stars. Using the SFR derived in tical depth are shown in Figure 4. Comparing with these ob-
the above section, we calculate the rate of ionizing ulbi@ti  servations, we could give a robust constraint on the SFR, and

photons escaping from stars into IGM, which reads hence on WDM particle mass. For constdgt, the neutral
¥ fraction of 1- Qu, and the CMB optical depthare shown in

N = (1+2)° @i VLRI ‘P(Z)m N fé!c): (27)  theleft panel of Figure 3 and top panel Figure 4, respegtivel

Mg Formy = 1keV, the reionization photons are mainly con-

tributed by Pop Ill stars a > 7.5 and recombination begin to
dominate at 65 z < 7.5 until Pop JIl stars dominate the reion-
ization atz < 6. The reionization ended at~ 5.5. The neu-
tral fraction could fit the observation at 7 but much lower

where (1+ 2)° accounts for the conversion of the comoving
density into the proper densit{/(2) is the SFR,mg is the
baryon massN, are the number of ionizing UV photons re-
leased per baryon, anidsc are the escape fractions of these ¢, ~ 7 "Form, = 2keV, the reionization dominate by Pop
photons from stars into II/?M Here I‘;‘l’le take the escape frac-|| sars atz » 10, and Pop/Il stars dominate the reionization
tion as the constant withse = 0.2, N,/ = 4000,fi;= 0.7, atz < 10 with the fully reionized epoch at= 6.3, which fits
andN)! = 9 x 10" (Greif & Bromm 2006). For another the observation quite well. Fon, = 3keV, Pop IlI stars con-
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tribute little photons to the reionization at low redshitisd
Pop JII stars dominate the reionization ats 12, the reion-
ization ended ar ~ 7. However, this is a little farfetched to
the observation. Therefore, it produces too much reioiizat
photons at redshift > 7 form, < 1 keV ormy > 3keV, which
can not fit the observations. For the CMB optical depth,of
they all located in the range of the measurement fRbamck
(Planck Collaboration et al. 2015). For the evolvifg, the
natural fraction of £ Qy, andr are shown in the right panel of
Figure 3 and bottom panel Figure 4, respectively. The reion-
ization process is faster than that of the consfatbecause

more reionization photons are escaped into IGM. The results

show that only a narrow range of 1 ke¥my < 2 keV could

fit the observations of & Qu, andr. Formy = 3keV, neither
the neutral fraction nor the CMB optical depth could fit the
observations.

5. SGWB FROM BH ‘RINGING’

In this section, we will calculate the SGWB from ‘ringing’
BHs, which are quite dependent on the SFRs of Rib@ahd
Pop Il stars. The total GW flux received on earth could be

written as
1 dEGW dv
F, = | —
(VObS) f 47TdE dv dVobs

whered, is the luminosity distance Eky/dv is the GW en-
ergy spectrum of an individual sourcg(z) is the SFR®(m)

is the IMF as shown in equation (18) and (19Y ¥ the co-
moving volume element. In the above equation, the observe
GW energy flux per unit frequency for an individual source is

1 dEGW dv

Y@D(m)dmdv,  (31)

f, = , 32
(009 = 22, e (32)
which could also be written as (Carr 1980)
ncd
f(vobd = 55 (33)

wherehgy is the dimensionless GW amplitude produced by a
star collapses into a BH. The total GW flux received on earth
could also be written as

3

nc
Fv(Vobs) = Ehéevobs (34)
Combing with the above equations, we obtain
hig = 1 f h2,,¥(2®(m)dmdV. (35)
Vobs

Following Thorne (1987), the dimensionless amplitude for a
star collapses into to a BH with mass is given by

()

1 Mpc
whereegw < 7 x 107 is the GW radiation ficiency. The
corresponding GW frequency in the observer frame is

m

hen =~ 7.4 x 1072022
BH X Mo

ew

)_1, (36)

Vobs =~ 1.3 % 10%2(%) 1+271, (37)

where (1+ 2)~! accounts for the redshiftfiect. It is ob-

(Pereira & Miranda 2010). Therefore, the minimum GW fre-
quency would be 12 times lower for Pop Il BHs (considering
the no time delay between the formation of Pdpdnd Pop

Il stars).

Usually, the SGWB is described by the dimensionless en-
ergy density parametégw(vons), Which is the present GW
energy density per logarithmic frequency interval divided
by the critical energy density of the present universe?)
(Phinney 2001)

1 dogw
Q = 38
GW(VObQ ch2 d InVobS, ( )
wherepg, is the GW energy density, apd = 3HZ/87G is the
critical density of the universe. For the astropﬂysicagh)rbf
the SGWBsQaw(vobs) could be written as
Vob A2
Qow(vobs) = %Fvobs(vobs) = 3—%V§bshée- (39)

To evaluate the detectability of the GW signal, we also calcu
lated the signal to nose (SNR) for a pair interferometers (e.
Christensen 1992; Flanagan 1993; de Araujo & Miranda
2005; Regimbau & de Freitas Pacheco 2006),

f °° dVVZ(V)QéW(V)
0

y6Ss®

hereT = 1yris the observation time perioﬁﬂ) is the spec-
ral noise density, angl(v) is the overlap reduction function.
For a simple consideration, we assusf¢ = S andy = 1
in our calculation.

Figure 5 shows the SGWBs from Poflland Pop Il
BHs. The sensitivity of GW detectors are also shown, where
one year of observation are assumed (Abadie etal. 2010;
Hild et al. 2011; Thrane & Romano 2013). In our calculation,
three WDM particle masses wittm, = 1 keV, my, = 2keV
andmy = 3keV are considered. For PogllIBHs, the
SGWB peaks aw 316Hz with the amplitudegw =
2.8 x 107° (5.0 x 10°% for SIMF (CIMF), which is above
the delectability of ET. The SGWBs from Pofil IBHs are
nearly the same for these three WDM particle masses, with
only little difference at lower frequencies. We also calculated
the the SNR, which are SNR 27 (47.7), 342 (605) and
37.7 (665) for my = 1keV, my = 2keV andmy = 3 keV for
ET with SIMF (CIMF), respectively. Therefore, it is impos-
sible to constrain the WDM particle mass with SGWB from
Pop JIl BHs. For Pop Il BHs, the SGWB shifts to lower
frequencies, and the amplitudes are much lower than Plop |
BHs. The lack of GW radiation at frequensy10 Hz is be-
cause stars within mass range of 14@60 M, explode as
pair-instability supernovae without leaving BHs. Moregve
the SGWB amplitude withmy, = 1keV is nearly an order
of magnitude higher comparing witm, = 3keV, and the
peaks shift to lower frequencies. The most interesting re-
sult is that the SGWB from Pop Il BHs witm, = 1keV
is detectable for LISA, and the SNR is 1.76 (1.7) for SIMF
(CIMF). However, it could not be detected foy, = 3keV,
because the SNR is only35(033). On the other hand, if
LISA detectes the SGWB from Pop Il BHs, it will be accept-
able form, = 1keV. However, if LISA will not detect the

9H2
R

2 _
(S/N) - 5(}1_4

(40)

vious that the observed GW frequency is quite dependentSGWB from Pop Ill BHs, the value afy = 1keV could be

on the BH mass. The maximum BH remnant for Pop
I/ll stars is 433M,, whereas 500 M for Pop Il stars

excluded. Therefore, we suggest that the SGWB from Pop
11l BHs could be another useful tool to constrain the WDM
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particle mass. culated the SGWBs form Popllland Pop Il BHs. Our re-
sults show that the SGWB from PoflIBHs is not sensi-

6. CONCLUSION AND DISCUSSION tive to the WDM particle mass, and it could be detected by
Although the CDM paradigm has great success in explain-the ET telescope. However, it is impossible to constrain the
ing the large scale structure of the universe, it still havaes WDM particle mass by the SGWB from PoglIBHs, be-
problems on small scales. An alternatively WDM paradigm cause they show little @ierence for dierentmy. For Pop
could ease these problems by employing the keV WDM par- Ill stars, the SGWB is quite dependent on the WMD parti-
ticles. In this paper, we calculate the SFRs of Ptpand cle mass. The peak SGWB amplitude with = 1 keV is an
Pop Il stars in the framework of WDM paradigm. By using order of magnitude higher than, = 3keV. The correspond-
a self-consistent method, we reproduce the SFR at low reding SNR are 176 (17) and 0.33 (0.35) for SIMF (CIMF), re-
shift. We find that the high-redshift SFR is sensitively depe  spectively, which is distinguishable for LISA. Moreovergt
dent on the WDM particle mass, especially for Pop Ill stars. SGWBs are derived by assuming a maximum GW generation
By comparing the model-predicted SFR with the observa- efficiency ofecw = 7 x 10~%. Combing with the ET observa-
tion, we constrain the WDM particle mass witly > 1keV,  tion of SGWB from Pop/lI BHs, we could give a constraint
shown as the black lines in Figure 1. We also calculated onecw. Therefore, a further constraint o, (or Pop Ill SFR)
the metal enrichment history of IGM, and the transition from could be given by the observation of LISA. On the other hand,
Pop lll to Pop JlI stars is consistent with the previous results the SGWB from Pop Il BHs is also quite dependent on the
(e.g., Yang, Wang, & Dai 2015), e.g., from~ 10— 17 for star formation #iciency of f,. Therefore, a lowerféiciency
m, ~ 1 - 3keV. By considering that the metallicity of IGM  of f> will make it hard to constrain the WDM particle mass by
does not exceed,, the WDM particle mass should less than the observation of LISA. Anyway, the largefitirence of SG-
3keV. WBs from Pop Il BHs for dfferentmy will make it possible
Combing with the CMB optical depth frorRlanck with to constrain the WDM particle mass in future.
T = 0.066'3913 and the ionization fractio®y, from recent
observations, we found that the the WDM particle mass
should in the range of 1ke¥¢t m, < 3keV, where we have ACKNOWLEDGEMENTS
assumed a constant escape fraction of ionizing photons (e.g We thank the anonymous referee for valuable comments
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Fic. 1.— SFRs for Pop/ll and Pop Il stars with dferent WDM particle masses (from bottom to top)x = 1 keV (black lines)my = 2keV (blue lines),
my = 3keV (red lines). The solid lines correspond to the SIMF dreldashed lines correspond to the CIMF. The gray dashed dtetidoes are the SFRs

taken from Robertson et al. (2015). The dash-dotted lineshar SFRs calculated by the relation of SFRS-Q in a structure. The observation data is taken from
Madau & Dickinson (2014), which includes the measuremeawnts ffar-ultraviolet and infrared luminosity functions ddlgxies.
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Fig. 2.— The metal enrichment history of the IGM correspond ®3FRs in Figure 1. The solid lines correspond to SIMF, andi#ished lines correspond to
CIMF. The dash-dotted line corresponds to the critical itieity of Z = 1035Z.
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