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Cosmological Phase Transitions
• Early Universe in symmetric phase (e.g. unbroken 

electroweak symmetry)
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GWs from PTs
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First order PT ➞ Bubbles nucleate, expand

Bubble collisions ➞ Gravitational Waves
See talks by

Hindmarsh, Weir

for more details 



Peak Frequency
• Redshift:  

• Peak regions:
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and gi counts the internal degrees of freedom of the i-th particle. It follows that the frequency
today can be expressed as
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all species are in thermal equilibrium at T = T⇤, i.e. g⇤ = g⇤,s. For the fraction of energy density
in gravitational waves today we similarly obtain
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where we used that ⇢
crit

/⇢⇤crit = H2

0

/H2

⇤ and H
0

= 2.13⇥ h⇥ 10�42 GeV. It is noteworthy that
the intensity of the GW signal is independent of the production temperature T⇤ (except for the
implicit dependence of g⇤ on T⇤).

The most sensitive frequency regions of pulsar timing arrays and satellite based experiments
are in the nano-Hz and milli-Hz range, respectively. To get an idea about the detectability of
GWs from a strong dark PT we will therefore need to understand the spectrum of the produced
GWs. For this, we will closely follow the discussion of [26].

Gravitational Waves are sourced by tensor fluctuations of the energy momentum tensor of
the primordial plasma. During first order phase transitions both bubble collisions [61,62] and
magnetohydrodynamical (MHD) turbulence [63–66] provide sources of gravitational waves. As
functions of the conformal wave number k = 2⇡af , the GW spectra produced by either source
can be approximated by [26]
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Eqn. (5) is based on [67,68] while Eqn. (6) is a fit to the numerical results of [69]. Here H⇤ is
the conformal Hubble parameter H = Ha at T = T⇤, and ⌦r0 is the radiation energy density
today. The quantities that determine the GW spectrum are the bubble nucleation rate � (the
duration of the PT is ��1), the bubble velocity v and the relative energy density in the source,
⌦S⇤ = ⇢S⇤/⇢⇤,crit = ⌦⇤GW

. Dependence on the temperature of the PT enters through the
dependence of H⇤ on T⇤.

The duration of the PT is usually taken as (1 � 10)% of a Hubble time, and therefore
� = (10 � 100)H [2]. To understand the relation with the physical frequency, remember that
the conformal frequency is related to the conformal wave number via af = k/(2⇡). Furthermore
using H = Ha we see that f⇤/H⇤ = F⇤/H⇤ = (k/H⇤)/(2⇡), which together with Eqn. (3) allows
us to translate the GW spectra into physical frequencies.

In a given theory, the dynamics of the phase transition, and therefore the parameters �, v
and ⌦S⇤ are in principle calculable. For the strongly coupled models considered here they are
however not known, and can only be estimated using lattice simulations. We will therefore take
� and v as additional input parameters, with values motivated by results of analyses in weakly
coupled models.

Following [26], we will use ⌦S⇤ = 0.1 and � = 10H⇤, but v = 1.0 instead of 0.7. We are now in
a position to study the location of the peaks of the GW signals from bubble collisions and MHD
turbulence. The bubble collision signal is triangular shaped with a maximum at k/� = 4

p
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Figure 2: Left: Peak frequencies of the GW spectra (in mHz) from bubble collisions (blue,solid)
and MHD turbulence (red, dashed) in the T⇤ � � plane, for v = 1.0. Right: GW spectrum from
bubble collisions (blue, solid) and turbulence (red, dashed) as well as the combined spectrum
(black, thick), as a function of conformal wave number k, for v = 1.0 and � = 10H⇤.

while the MHD turbulence peaks at somewhat larger wave numbers k/� ⇡ ⇡2/v. To obtain
physical frequencies, we use Eqn. (3) and f⇤/H⇤ = (�/(2⇡H))(k/�). Then the peak locations are
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In Fig. 2 we show the location of the frequency peaks as function of the PT temperature T⇤
and �. As expected from Eqn. (3), the peak frequencies increase linearly with the transition
temperature T⇤ and with �/H⇤.

The source term ⌦S⇤ can be di↵erent for bubble collision and turbulence. Here we will assume
that equal amounts of energy act as source for ⌦(B)

GW

and ⌦(MHD)

GW

. In this case the turbulence
signal dominates over the one from bubble collisions over most of the relevant frequency range,
see Fig. 2. The intensity of both signals decreases as (�/H⇤)�2, therefore smaller values of �
are preferable. From Eqn. (6) it might appear that the turbulence signal only decreases as ��1,
however the k/H⇤ term in the denominator gives another power of H⇤/� for k & 1.

Recent simulations of first order PTs suggest that sound waves generated by the expansion
of bubbles could be the dominant source of GWs from these transitions [70–72]. Sound waves
continue propagating through the early universe after the PT is finished, and decay on a timescale
H⇤. Compared to the above discussed spectra, they will therefore not be suppressed as much by
the velocity of the transition �, and the signal could be increased by a factor (�/H⇤) compared
to the bubble collision signal, but with a spectrum decaying as k�3. This could potentially boost
the signal, in particular for cases where the PT is fast, i.e. �/H � 1.

4 Detectability

In the previous section, we have seen that the peak frequencies of GW signals from GeV-TeV
scale PTs are of order (10�6 � 10�3) Hz. Furthermore it is important to note that a broad
spectral region around the peak is populated by GWs, from (10�10 � 1) Hz.
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DM mass



GWs as window to dark 
matter sector

• Motivation for (non-abelian) Dark Sectors 

• Phase Transition of SU(N) Theories 

• GW Signals from PTRs to ELISA
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Based on PRL 115 (2015) 18, 181101  



Dark Matter
6

We#have#seen#DM#in#the#sky:#
But#no#direct#observa7on##
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.
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Maybe#DM#is#just#part#of#a#larger#dark#sector##

•  Example:#Proton#is#massive,#stable,#composite#state#
•  DM#self#interac7ons#solve#structure#forma7on#problems#
•  New#signals,#new#search#strategies!#



Composite DM
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GeV

TeV

asymmetry
sharing

annihilation

Xd

pD , . . .

⇡D , . . .

QCD dark QCD

⇡ , K , . . .

p , n
decay

• SU(N) dark sector 
with neutral  
“dark quarks”  

• Confinement scale 

• DM is composite 
“dark proton”

⇤darkQCD

Bai, PS, PRD 89, 2014
PS, Stolarski, Weiler, JHEP 2015

many other works!
Similar setup e.g.: Blennow et al; Cohen et al; Frandsen et al;
Reviews: Petraki & Volkas, 2013; Zurek, 2013;



DM Motivation
• New mechanisms for relic density, extend mass range: 

‣ Asymmetric DM - GeV-TeV scale 

‣ Strong Annihilation - 100 TeV scale 

‣ SIMP - MeV scale 

• Advantages of Composite 

‣ DM mass scale and stability 

‣ Fast annihilation for ADM  

‣ Self-interactions for structure formation
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Hochberg, Kuflik, Volansky, Wacker, 2014; + Murayama, 2015 



The Dark Phase 
Transition



Phase Transition
• SU(N) dark sectors well motivated 

• Confinement/chiral symmetry breaking phase 
transition at scale  
‣ DM:                      (MeV - 100 TeV) 

‣ Naturalness:   

• First order PT in large class of models 

• Still possible if LHC finds no new physics 
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QCD Phase Diagram
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Figure 1: Phase diagram of QCD at zero chemical potential (schematic). The dashed region
represents our current lack of knowledge about the order of the PT in the limit of two massless
flavours.

chemical potential could be su�cient to provide a strong first order PT [25]. The resulting signal
was studied in [26].

The aim of this work is to point out that gravitational waves could also be produced by a
strong PT in a dark or hidden sector. The particular scenario we have in mind is a dark sector
with a new SU(Nd) gauge interaction which confines at some scale ⇤d. Such models have recently
received renewed interest either as models of dark matter [27–42] or as part of the low energy
sector of so called Twin Higgs models [43–48]. Di↵erent from generic hidden sectors [49], these
models provide a preferred mass range and some restrictions on the particle content, such that
the frequency range of the potential GW signal can be predicted.

Given that the SM QCD transition is not first order, we will review the known results on the
order of the PT in strongly coupled gauge theories in the next section, followed by a discussion of
models that fall into this category. In Sec. 3 we calculate the GW spectra that can be produced
in these models, and compare them to the sensitivity of current and planned GW detection
experiments in Sec. 4. We discuss the complementarity of GW experiments with other searches
for dark sectors in Sec. 5, before presenting our conclusions.

2 Models with First Order Phase Transition

Near the QCD confinement scale ⇤
QCD

, the dynamics of QCD is governed by three flavours,
two of which are almost massless, while the strange quark mass is of order ⇤

QCD

. Lattice
studies [5, 6, 50] have shown that for these values of the quark masses, the QCD PT is a weak
cross-over.

However this is not a generic result for QCD and similar theories, but more a consequence
of the precise values of mu ⇡ md and ms in the SM. The QCD phase diagram for arbitrary
mu,d and ms can be summarised in the so called Columbia plot, which is reproduced in Fig. 1,
based on [51]. The pure Yang-Mills limit mu,d,ms ! 1 is known to have a strong first order
PT [52] from the restoration of a global Z

3

center symmetry at low temperatures. The opposite
mu,d,ms ! 0 limit, i.e. theories with three exactly massless quarks, also feature a strong first
order transition, related to the breakdown of the SU(3)⇥ SU(3) chiral symmetry [53].

2



Phase Diagram II
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Figure 1: Phase diagram of QCD at zero chemical potential (schematic). The dashed region
represents our current lack of knowledge about the order of the PT in the limit of two massless
flavours.

chemical potential could be su�cient to provide a strong first order PT [25]. The resulting signal
was studied in [26].

The aim of this work is to point out that gravitational waves could also be produced by a
strong PT in a dark or hidden sector. The particular scenario we have in mind is a dark sector
with a new SU(Nd) gauge interaction which confines at some scale ⇤d. Such models have recently
received renewed interest either as models of dark matter [27–42] or as part of the low energy
sector of so called Twin Higgs models [43–48]. Di↵erent from generic hidden sectors [49], these
models provide a preferred mass range and some restrictions on the particle content, such that
the frequency range of the potential GW signal can be predicted.

Given that the SM QCD transition is not first order, we will review the known results on the
order of the PT in strongly coupled gauge theories in the next section, followed by a discussion of
models that fall into this category. In Sec. 3 we calculate the GW spectra that can be produced
in these models, and compare them to the sensitivity of current and planned GW detection
experiments in Sec. 4. We discuss the complementarity of GW experiments with other searches
for dark sectors in Sec. 5, before presenting our conclusions.

2 Models with First Order Phase Transition

Near the QCD confinement scale ⇤
QCD

, the dynamics of QCD is governed by three flavours,
two of which are almost massless, while the strange quark mass is of order ⇤

QCD

. Lattice
studies [5, 6, 50] have shown that for these values of the quark masses, the QCD PT is a weak
cross-over.

However this is not a generic result for QCD and similar theories, but more a consequence
of the precise values of mu ⇡ md and ms in the SM. The QCD phase diagram for arbitrary
mu,d and ms can be summarised in the so called Columbia plot, which is reproduced in Fig. 1,
based on [51]. The pure Yang-Mills limit mu,d,ms ! 1 is known to have a strong first order
PT [52] from the restoration of a global Z

3

center symmetry at low temperatures. The opposite
mu,d,ms ! 0 limit, i.e. theories with three exactly massless quarks, also feature a strong first
order transition, related to the breakdown of the SU(3)⇥ SU(3) chiral symmetry [53].
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Glueball DM



SU(N) - PT
• Consider              with      massless flavours  

• PT is first order for  
‣               , 

‣               , 

• Not for: 
‣               (no global symmetry, no PT) 

‣               (not yet known) 
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SU(Nd) nf

Nd � 3 nf = 0 Svetitsky, Yaffe, 1982
M. Panero, 2009

Nd � 3 3  nf < 4Nd Pisarski, Wilczek, 1983

nf = 1

nf = 2



SU(N) - PT 2
• One more parameter:      angle 

• Effect on PT not well studied 

•              dependence of PT strength?  

• Finite density/chemical potentials?  
‣ QCD FOPT?  

‣ GW signal: 

14

⇥

M. Anber, 2013
Garcia-Garcia, Lasenby, March-Russell, 2015

Nd, nf Panero, 2009

Schwarz, Stuke, 2009

Caprini, Durrer, Siemens, 2009
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signal will dominate: however, this seems somewhat un-
natural given the extremely high Reynolds number of the
primordial fluid, and we discard this possibility in this
work) [58].
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FIG. 2: The GW signal from bubble collisions and MHD tur-
bulence for ΩS∗ = 0.1 and v = 0.7. We choose β = 10H∗.
The signal is dominated by the contribution from MHD tur-
bulence. The bubble collision peak causes the hump on the
left of the true peak of the spectrum.

In Fig. 2 we show the total signal for the more opti-
mistic case, ΩS∗ = 0.1 and v = 0.7. The peak frequency
of the total GW spectrum corresponds to the MHD tur-
bulence peak: k/β ≃ π2/v, and depends on the choice
β = 10H∗. From f = k/(2π) one obtains [42, 44]

fp ≃ 1.7 · 10−9 π2

v

β

H∗

! g∗
10

"
1

6 T∗

100MeV
Hz (5)

where g∗ is the number of effective relativistic degrees of
freedom at the temperature T∗. With v = 0.7, β = 10H∗,
g∗ = 10 and T∗ = 100MeV the peak frequency becomes
fp ≃ 2.5 · 10−7 Hz.

III. THE PULSAR TIMING ARRAY

Neutron stars can emit powerful beams of electromag-
netic waves from their magnetic poles. As the stars ro-
tate the beams sweep through space like the beacon of a
lighthouse. If the Earth lies within the sweep of a neu-
tron star’s beams, the star is observed as a point source
in space emitting short, rapid pulses of electromagnetic
waves, and is referred to as a pulsar.
The electromagnetic pulses we observe arrive at a very

steady rate due to the enormous moment of inertia of
neutron stars. The idea to use these stable clocks to
detect GWs was first put forward in the late 1970s [47–
49]. Fluctuations in the time of arrival of pulses, after all
known effects are subtracted, could be due to the pres-
ence of GWs. Recently pulsar timing precision has im-
proved dramatically. Jenet and collaborators [50] have
shown that the presence of nano-Hertz GWs could be
detected using a pulsar timing array (PTA) consisting

of 20 pulsars with timing precisions of 100 nanoseconds
over a period of 5 to 10 years (see also [4, 5] for more re-
cent PTA sensitivity estimates). Pulsar timing arrays are
most sensitive in the band 10−9 Hz < f < 10−7 Hz. The
lower limit in frequency is given by the duration of the ex-
periment (∼ 10 yr.) and the upper limit by the sampling
theorem, i.e. the time between observations (∼ 1 month).
The spike in the sensitivity at f = 0.3× 10−7Hz seen in
Fig. 3 is the frequency of the earth’s rotation around the
sun which cannot be disentangled from a GW with the
same frequency.
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Current NANOGrav sensitivity

PTA 2020

LISA

FIG. 3: Comparison of the GW spectrum h2Ω(f) with cur-
rent NANOGrav pulsar timing array sensitivity and expected
sensitivity of pulsar timing experiments in 2020 [5]. We have
used h = 0.73, Ωr0 = 8.5 × 10−5, ΩS∗ = 0.1 and v = 0.7. We
plot the GW spectra for the values H∗/β = 1, 0.5, 0.2, 0.1
(dashed lines from top to bottom). For H∗/β ∼ 1, the back-
ground of GWs can just be detected in present pulsar timing
experiments, while for 0.1 ! H∗/β it can be detected by the
planned array IPTA2020 (very high values of H∗/β ∼ 1 are
difficult to accommodate in the case of a thermally nucle-
ated phase transition, c.f. discussion in the text). We also
show the LISA sensitivity [52, 53]. Unfortunately, LISA will
not be able to detect a signal from a first order QCD phase
transition (the EW phase transition is more promising in this
respect [25–41, 44, 46]).

The North American Nanohertz Observatory for Grav-
itational Waves (NANOGrav) [51], a collaboration of as-
tronomers, has created a pulsar timing array–a galactic
scale GW observatory using about 20 pulsars. It is a
section of the IPTA, an international collaboration in-
volving similar organizations of European and Australian
astronomers. The current NANOGrav pulsar timing ar-
ray sensitivity is shown in Fig. 3, together with the GW
spectra we expect from the QCD phase transition as a
function of frequency

h2ΩGW(f) = h2 dΩGW

d log k
, (6)

for H∗/β = 1 (top dashed line), H∗/β = 0.5 (upper-



GW signals



GW spectra
• Lot of work on GW from 1st order PT 

• Still difficult to simulate or model 

• Here in addition: 
• Transition is non-perturbative 

• Parameters not known - take an optimistic guess

16

�/H⇤ = 1� 100

v = 1
↵

1 + ↵
= 0.1

See talks by

Hindmarsh, Weir

for more details 



Reminder - DM scale
• Redshift:  

• Peak regions:
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and gi counts the internal degrees of freedom of the i-th particle. It follows that the frequency
today can be expressed as
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all species are in thermal equilibrium at T = T⇤, i.e. g⇤ = g⇤,s. For the fraction of energy density
in gravitational waves today we similarly obtain
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where we used that ⇢
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/H2

⇤ and H
0

= 2.13⇥ h⇥ 10�42 GeV. It is noteworthy that
the intensity of the GW signal is independent of the production temperature T⇤ (except for the
implicit dependence of g⇤ on T⇤).

The most sensitive frequency regions of pulsar timing arrays and satellite based experiments
are in the nano-Hz and milli-Hz range, respectively. To get an idea about the detectability of
GWs from a strong dark PT we will therefore need to understand the spectrum of the produced
GWs. For this, we will closely follow the discussion of [26].

Gravitational Waves are sourced by tensor fluctuations of the energy momentum tensor of
the primordial plasma. During first order phase transitions both bubble collisions [61,62] and
magnetohydrodynamical (MHD) turbulence [63–66] provide sources of gravitational waves. As
functions of the conformal wave number k = 2⇡af , the GW spectra produced by either source
can be approximated by [26]
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Eqn. (5) is based on [67,68] while Eqn. (6) is a fit to the numerical results of [69]. Here H⇤ is
the conformal Hubble parameter H = Ha at T = T⇤, and ⌦r0 is the radiation energy density
today. The quantities that determine the GW spectrum are the bubble nucleation rate � (the
duration of the PT is ��1), the bubble velocity v and the relative energy density in the source,
⌦S⇤ = ⇢S⇤/⇢⇤,crit = ⌦⇤GW

. Dependence on the temperature of the PT enters through the
dependence of H⇤ on T⇤.

The duration of the PT is usually taken as (1 � 10)% of a Hubble time, and therefore
� = (10 � 100)H [2]. To understand the relation with the physical frequency, remember that
the conformal frequency is related to the conformal wave number via af = k/(2⇡). Furthermore
using H = Ha we see that f⇤/H⇤ = F⇤/H⇤ = (k/H⇤)/(2⇡), which together with Eqn. (3) allows
us to translate the GW spectra into physical frequencies.

In a given theory, the dynamics of the phase transition, and therefore the parameters �, v
and ⌦S⇤ are in principle calculable. For the strongly coupled models considered here they are
however not known, and can only be estimated using lattice simulations. We will therefore take
� and v as additional input parameters, with values motivated by results of analyses in weakly
coupled models.

Following [26], we will use ⌦S⇤ = 0.1 and � = 10H⇤, but v = 1.0 instead of 0.7. We are now in
a position to study the location of the peaks of the GW signals from bubble collisions and MHD
turbulence. The bubble collision signal is triangular shaped with a maximum at k/� = 4

p
3 ⇡ 1.3,
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Figure 2: Left: Peak frequencies of the GW spectra (in mHz) from bubble collisions (blue,solid)
and MHD turbulence (red, dashed) in the T⇤ � � plane, for v = 1.0. Right: GW spectrum from
bubble collisions (blue, solid) and turbulence (red, dashed) as well as the combined spectrum
(black, thick), as a function of conformal wave number k, for v = 1.0 and � = 10H⇤.

while the MHD turbulence peaks at somewhat larger wave numbers k/� ⇡ ⇡2/v. To obtain
physical frequencies, we use Eqn. (3) and f⇤/H⇤ = (�/(2⇡H))(k/�). Then the peak locations are
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In Fig. 2 we show the location of the frequency peaks as function of the PT temperature T⇤
and �. As expected from Eqn. (3), the peak frequencies increase linearly with the transition
temperature T⇤ and with �/H⇤.

The source term ⌦S⇤ can be di↵erent for bubble collision and turbulence. Here we will assume
that equal amounts of energy act as source for ⌦(B)

GW

and ⌦(MHD)

GW

. In this case the turbulence
signal dominates over the one from bubble collisions over most of the relevant frequency range,
see Fig. 2. The intensity of both signals decreases as (�/H⇤)�2, therefore smaller values of �
are preferable. From Eqn. (6) it might appear that the turbulence signal only decreases as ��1,
however the k/H⇤ term in the denominator gives another power of H⇤/� for k & 1.

Recent simulations of first order PTs suggest that sound waves generated by the expansion
of bubbles could be the dominant source of GWs from these transitions [70–72]. Sound waves
continue propagating through the early universe after the PT is finished, and decay on a timescale
H⇤. Compared to the above discussed spectra, they will therefore not be suppressed as much by
the velocity of the transition �, and the signal could be increased by a factor (�/H⇤) compared
to the bubble collision signal, but with a spectrum decaying as k�3. This could potentially boost
the signal, in particular for cases where the PT is fast, i.e. �/H � 1.

4 Detectability

In the previous section, we have seen that the peak frequencies of GW signals from GeV-TeV
scale PTs are of order (10�6 � 10�3) Hz. Furthermore it is important to note that a broad
spectral region around the peak is populated by GWs, from (10�10 � 1) Hz.
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Broader Range of Signals
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Summary
• SU(N) dark sectors well motivated, often feature 

first order PT   (also: Dark Baryogenesis!) 

• Exciting possibility to probe 
‣ GeV scale dark sectors with PTA data (already putting 

limits!) 

‣ TeV scale dark sectors with ELISA (see upcoming 
publication of ELISA Cosmology working group) 

• Any ideas to probe the 10-6 Hz gap? 
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