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Particle Physics Interfacing with 
Astrophysics/Cosmology

  Today:   Discuss the “backlight effect” to search 
               for long-lived particles* with LISA.

*Probes second-order phase transitions as well.

A Direction:  New Particle Physics Opportunities in  
                    Gravitational Wave Astronomy/Cosmology
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What is LISA?

Lisa Everett

Lisa Randall
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Laser Interferometer Space Antenna 

*European Space Agency mission with  
 NASA involvement.  
 
 
*Scheduled for 2030+.  
 
 
*3 Spacecraft, 6 Test masses, 2.5 Million km  
  interferometry  
 
 
*4(10) year mission  
 
 
*Frequency range:  f ~ 0.1 mHz - 0.1 Hz
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Laser Interferometer Space Antenna 

LISA orbits at L1
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How does LISA Work?

*Gravitational wave places strain, ΔL/L, on two    
  free-falling test masses separated by length, L.

  Wave stretches and compress the distance    
  between the masses along the perpendicular  
  directions by ΔL.  
 

*LISA requires a sensitivity to displacement and  
  acceleration of 1.5x10-11 m/root-Hz and  
  3x10-15 m/s2/root-Hz, respectively.  

4 Publications of the Astronomical Society of Australia

is interfered with a bright local oscillator derived from
the outgoing beam. The differential displacement of
the two arms, the Michelson observable, is then con-
structed by electronically recombining the phase mea-
surements from each arm. In this way a Michelson in-
terferometer configuration can be synthesized from the
combination of four measurements (two at the ends of
the interferometer arms and two of the return beams
at the originating spacecraft). The total shot noise
from all four measurements yields a round trip error
of 16 pm/

√
Hz and is the dominant contribution to the

LISA measurement noise at high frequencies.

3.3 Laser frequency noise suppres-
sion

Laser interferometers use the wavelength of the laser
light as the yardstick for measuring displacement. A
change in the laser wavelength (or equivalently the
laser frequency) will be misinterpreted as a change in
measured separation of the proof masses. For gravi-
tational wave detection, we can take advantage of the
quadrupole nature of gravitational waves and measure
the difference between two equal length arms. In this
scenario the effect of laser frequency noise cancels when
the light from the arms is recombined. Alternatively,
locking the laser to a stable length reference, such as an
optical cavity, can stabilise the frequency. LISA uses
a novel combination of these standard techniques.

LISA laser frequency stabilisation will be performed
in two stages, similar to the two-stage process used in
ground-based gravitational wave detectors. First, the
lasers are pre-stabilised to a reference optical cavity. In
principle it is possible to transfer the fractional length
stability of the cavity to the fractional frequency sta-
bility of the laser frequency. Researchers at the God-
dard Space Flight Center constructed an optical cavity
from ultra-low expansion (ULE) glass, and placed it
in a stable, LISA-like thermal environment. Their re-
sults demonstrate that it is possible to achieve around
10−13/

√
Hz laser frequency stability across the LISA

band (Mueller et al. 2005).
The second stage of stabilisation locks the laser

frequency to the 5 million km LISA arms. This arm-
locking will improve laser frequency stability by an ad-
ditional factor of 100 beyond the cavity pre-stabilised
noise level. Any laser frequency locking system is lim-
ited by the quality of the reference. In the 5 million
km LISA arms we have custom made length refer-
ences that are uniquely stable throughout the LISA
band. The challenge in stabilising to the arms, a tech-
nique referred to as arm-locking, is to build a high gain
feedback control system in the presence of the large
33.3 second round trip delay. Ordinarily, such a de-
lay would necessitate reducing the bandwidth and gain
of the feedback until a stable system is achieved. In
LISA, this would limit the unity gain bandwidth to less
than 30 mHz and provide only a small amount of noise
suppression at the lower frequencies of the LISA band.
Researchers at the Australian National University first
noted (Sheard et al. 2003) that the bandwidth restric-
tion can be circumvented by using a rather uncon-
ventional feedback controller. There have since been

several simulated (Sylvestre 2004) and experimental
(Maŕın et al. 2005; Sheard et al. 2006; Thorpe & Mueller
2005) validations of the control system stability and
noise suppression. More recently, the arm-locking con-
trol system was expanded to include signals from both
arms, resulting in substantial improvement in laser fre-
quency noise (Herz 2005; Sutton & Shaddock 2008).

The remaining laser frequency noise will be re-
moved in post-processing using a technique called time
delay interferometry (TDI) (Tinto & Armstrong 1999;
Tinto et al. 2003). TDI forms linear combinations of
the phase measurements that are free from laser fre-
quency noise. TDI exploits the fact that the laser
frequency noise enters each measurement with a well
known transfer function that depends only on the light
travel time of the LISA arms. TDI can be understood
as a way to synthesize an interferometer that has equal
arm lengths. Figure 2 shows combinations that cor-
rect for mismatched (a) arm length and (b) velocity
(Shaddock et al. 2003). This is achieved by time de-
laying the data streams using high performance inter-
polation algorithms. These same linear combinations
maintain the gravitational wave signal, as it is con-
tained in the difference of the arms while the laser
noise is common to the arms. Frequency noise cancel-
lation was first experimentally demonstrated in 2006
in the LISA interferometry test bed at the Jet Propul-
sion Laboratory using a simplified version of TDI. The
measured noise spectra presented in Figure 3 show that
laser frequency noise is suppressed by up to 9 orders
of magnitude, down to the intrinsic noise of the test
bed. In 2008 the test bed was upgraded to include the
complete implementation of TDI, including interpola-
tion and noise from the ultra-stable oscillators used in
the phase measurement.
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Figure 2: Interferometer configurations corre-
sponding to (a) length correcting and (b) veloc-
ity correcting Michelson time delay interferometry
combinations. The LISA spacecraft are indicated
by solid circles.

4 Australia’s role in LISA

Australia has a strong track record in the field of inter-
ferometric gravitational wave detection. Groups oper-
ating at The Australian National University, the Uni-
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LISA Pathfinder 

• 2015 test of LISA conditions.  Single spacecraft with interferometer arms 
shortened to 38 cm.

• The noise requirement levels met by a large margin!

!"#$%&'()'$*+',-./'

!"#$%&'()*+,-.%
Best.	Freefall.	Ever.	

0&%)"&*'&1'$22(*("$3&%'%&45('
(62((75'8&$*59'

:;&')(5)'#$55(5'1$**'$*&%8'
8(&7(5425'4%547('5<$2(2"$='
&">43%8'$"&?%7'@.A'

M. Armano et al., Phys. Rev. Lett. 120, 061101
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LISA Science Goals 

LISA Astrophysics:   
Detect gravitational waves from  
massive black hole binaries,  
galactic white dwarf binaries,  
LIGO progenitors …  
 

LISA Cosmology:   
Standard sirens, stochastic  
backgrounds



Stochastic Gravitational Wave Backgrounds

• Stochastic Gravitational Wave Background is to gravity waves as 
the CMB is to photons.   
 
(A large number of random, independent events combine to 
create the background.)

LIGO Collaboration



Stochastic Gravitational Wave Backgrounds

• Sources of Stochastic Gravitational Wave Background (SGWB) 
include inflation, strong first-order phase transitions and other 
exotic scenarios.

• Can we exploit this to learn even more physics? 

LIGO Collaboration



GW	Cosmology	

T=100	TeV	is	right	in	the	LISA	band	 Lasky	et	al,	2016	
RC	et	al,	2018	2⇡f = Ha/a0|T
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(11) implies that vk / a
�1/2 in this phase and hence

the graviton energy density evolves like non-relativistic
matter m

2
h
2
k
/ a

�2
v
2
k
/ a

�3 as expected. Compared
to the massless graviton whose energy density decays as
a
�4, the decay of the massive tensor graviton is slower

and thus its final amplitude will be relatively amplified.

(iii) Massless phase: At ⌧ = ⌧m, the graviton mass
disappears and gravitons restore their normal behavior as
radiation whose energy density decays as a�4. By using
the junction conditions same as (10) at ⌧ = ⌧m between

v
(ii)
k

and v
(iii)
k

, we obtain the mode function as

v
(iii)
k

(⌧) =
2

k

r
m⌧m

⇡Hinf⌧
2
r

h
D1 cos(k⌧) +D2 sin(k⌧)

i
, (12)

with D1 ' � sin(k⌧m)[C2 cos(! +⇡/8)�C1 sin(! �⇡/8)],
D2 ' cos(k⌧m)[C2 cos(! + ⇡/8) � C1 sin(! � ⇡/8)] and
! ⌘ m⌧

2
m
/(2Hinf⌧

2
r
). Here we used ! � k⌧m. In this

phase, the mode function significantly grows and then
starts oscillating with a constant amplitude when it re-
enters the horizon. In the case with m/Hinf = O(1), the
squared amplitude is roughly given by

2k|v(iii)
k

|2 ⇠
⌧m

⌧r
(k⌧r)

�2! �1
. (13)

Compared to the usual massless graviton with ⌫ = 3/2
and ⌧m ! ⌧r, the power spectrum of our massive gravi-
ton is amplified by the two factors: the first factor ⌧m/⌧r

represents the duration of the epoch where the decay of
the graviton energy density is slower by a / ⌧ ; the sec-
ond factor (k⌧r)�2! �1 for ⌫ < 3/2 represents the damp-
ing e" ect during inflation which leads to a blue-tilted
spectrum. Therefore our final power spectrum of the pri-
mordial GWs for ⌧ > ⌧m can be evaluated as

Pmassive
h

(⌧) ⇠
⌧m

⌧r
(k⌧r)

3�2! Pmassless
h

(⌧), (14)

where Pmassless
h

denotes the usual power spectrum of the
massless tensor modes from inflation.

IV. RESULTS

Now we study the parameter region in which the pri-
mordial GWs generated in our scenario satisfy the cur-
rent constraints and can be observed by upcoming experi-
ments. To this end, we consider the energy fraction of the
GWs per logarithmic interval of the wave number k at the
present time, # GW,0(k) ⌘ ⇢

�1
tot d⇢GW/d ln k. From (14)

and using # massless
GW,0 (k) ⇠ 10�15

H
2
14 for the modes which

entered the horizon during the radiation dominated era,
one finds

# massive
GW,0 (k) ⇠

⌧m

⌧r
(k⌧r)

3�2! # massless
GW,0 (k),

⇡ 10�15 ⌧m

⌧r
H

! + 1
2

14 f
3�2!
8 , (15)

FIG. 1: We plot ! GW for H inf = 10 8GeV and ! m / ! r = 10 10

(black), 1015 (red) and 1021 (blue) as thick lines. The graviton
mass ism = 0 .5H inf (solid) and m = 0 .8H inf (dashed). The
shaded regions are excluded by the BBN (green) and CMB
(yellow) constraints. The sensitivity curves of SKA, LISA,
A-LIGO and DECIGO (with the original and upgraded sen-
sitivity curves [35]) are also shown as thin dashed lines.

where H14 ⌘ Hinf/(1014GeV) and f8 ⌘ f/(2 ⇥ 108Hz).
Here the GW frequency f ⌘ k/2⇡ is assumed to be lower
than the inflationary UV cuto" , fUV ' arHinf/(2⇡) ⇡

2⇥ 108H1/2
14 Hz and higher than the scale corresponding

to the matter-radiation equality, feq ' 3⇥ 10�17Hz.
The BBN bound # GW,0 < 10�5 and the CMB bound

# GW,0(f ⇠ 10�16 Hz) < 10�14 are recast as

⌧m

⌧r
! 1010H�2

14 , (BBN) (16)

⌫ !
74� log10(H

1/2
14 ⌧m/⌧r)

49 + log10(H14)
. (CMB) (17)

The largest GWs can be produced when these two con-
ditions are saturated for given Hinf . In that case, the
graviton mass during inflation is given by

m
2

H
2
inf

����
maxGW

'
9

4
�

✓
64 + 3

2 log10 H14

49 + log10 H14

◆2

. (18)

It should be noted that gravitons are still massive at
BBN if

⌧m

⌧r
"

⌧BBN

⌧r
=

r
Hinf

HBBN
⇡ 1017H

1
2
14. (19)

In this case, the BBN bound (16) should be relaxed, be-
cause gravitons do not contribute to relativistic degrees of
freedom during BBN. In this letter, however, we conser-
vatively respect the original bound (16). Whereas, since
we assumed the graviton mass vanishes at ⌧m before the

Fujita, Kuroyanagi, Mizuno, and Mukohyama, 
Phys.Lett. B789 (2019)

10

Figure 4: (Left) The BB (solid, black), TB (dotted, blue) and EB (dashed, red) anisotropy power spectra are shown for our
example scenario, for which r = 0 .035, nt = 0 .074, and ! ! = 0 .92. (Right) The sensitivity to a chiral asymmetry ! ! is
shown as a function of the tensor-to-scalar ratio r for an idealized satellite experiment (CMBpol) and a cosmic-variance limited
experiment, as originally presented in Fig. 2 of Ref. [44]. The dot-dashed lines show the threshold values ofr required to enable
a 2, 3" detection of chirality for a model with ! ! = 0 .9.

condition (i.e. the expansion rate does not increase during inßation). The blue tilt means the spectrum might
be within reach of future gravitational wave observatories. Second, the spectrum is dominated by left-circularly
polarized gravitational waves which means that sensitivity to the V Stokes parameter of a stochastic gravitational
wave background would be important to test this model. Recent work has shown that a pair of satellite gravitational
wave observatories, with sensitivity beyond the reach of LISA [49, 50], would be required to detect the primordial V
polarization [51]. As illustrated in Fig. 5, the predicted spectrum may be tested in two distinct frequency regimes,
separated by nearly 17 orders of magnitude. Similar conclusions have recently been obtained by Ref. [52]. As we
discuss next, there is a further, indirect test at the highest frequencies.

Figure 5: The present-day gravitational wave spectral density " GW is shown as a function of frequency for left- (blue) and right-
(red) circularly polarized gravitational waves. The di #erence becomes highly pronounced near the end of inßation. However,
the chiral asymmetry vanishes for modes deep inside the horizon, which is seen in the convergence at high frequency. The
power-law integrated curves [53] for the sensitivities of big bang nucleosynthesis (BBN), CMB (Planck), LIGO/Virgo, aLIGO,
and Pulsar Timing Array (PTA) to a power-law stochastic background are adapted from Fig. 1 of Ref. [54]. For comparison, we
show the projected sensitivity of BBO, a futuristic satellite-based gravitational wave observatory, to the intensity (solid) and
circular polarization (dashed), which is adapted from Fig. 4 of Ref. [51]. The curve labeled µ ! FIRAS shows the bound on a
stochastic gravitational wave background due to measurements of the degree of spectral distortion of the CMB, as calculated in
Ref. [55]. The curve labeled ÒPixieÓ is a projection of the expected improvement on this bound by a futuristic, satellite-based
spectral distortion experiment [56].

Caldwell and Devulder,
Phys.Rev. D97 (2018)

Axion-Gauge InflationInflation with Massive Gravitons

Models which attempt natural inflationary 
potentials often have blue tilted SGWB spectrum.
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What is the Backlight effect?
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Changes in the relativistic degrees of freedom in the 
early universe leave an imprint on a primordial 

spectrum of gravitational waves. 

What is the Backlight effect?
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More Specifically…

When the primordial fluid cools past a particle’s rest 
mass, the expansion rate speeds up.  All subhorizon 

gravitational radiation will be slightly diluted*.  
 

Superhorizon waves are frozen.  

*Bennett, Phys. Rev. D33, 872 (1986)    
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What is the Backlight effect?

Spectrum shows a series of 
steps, going from low to 
high frequency, 
corresponding to changes  
in the relativistic degrees  
of freedom*. 

*Y. Watanabe and E. Komatsu, Phys. Rev. D73, 123515 (2006)     

2

Gravitational Waves.Ñ We consider a linearized de-
scription of weak gravitational waves hij propagating
in an expanding spacetimeds

2 = a
2(⌧ )(�d⌧

2 + ( �ij +
hij)dx

i
dx

j). The equation of motion for the Fourier am-
plitude ÷hij(⌧,~k) is

÷h00
ij

+ 2
a
0

a

÷h0
ij

+ k
2÷hij = 16⇡Ga

2⇧ij (1)

where 0 indicates derivative with respect to conformal
time and ⇧ij is the anisotropic shear tensor. The comov-
ing frequency f is related to the wavenumberk = 2⇡f .
Although the shear of the cosmic ßuid gives rise to some
important e↵ects, we will ignore its possible contribu-
tion for now, thereby setting the right hand to zero.
We can further simplify the evolution by separating the
frequency- and time-dependent amplitudeh(k, ⌧ ) from
the polarization tensor: ÷hij = hP e

P

ij
for P = + , ⇥. Here-

after we drop the polarization index for simplicity. The
comoving expansion ratea

0
/a distinguishes two regimes

of behavior. For superhorizon modes,k ⌧ a
0
/a, the lead-

ing solution for h is a constant. For subhorizon modes,
k � a

0
/a, the solution is oscillatory. In a radiation-

dominated background, with a / ⌧ , the analytic so-
lution is h = hi(sin k(⌧ � ⌧i) + k⌧i cosk(⌧ � ⌧i))/(k⌧ )
where we assume initial conditions that are consistent
with inßation, h = hi, h

0 = 0 at some suitably early time
⌧i. The energy density in linearized gravitational waves
is ⇢GW = hh

0
ij

(⌧, ~x)h0ij(⌧, ~x)i/32⇡Ga
2 where the angle

brackets indicate averaging over a time interval much
greater than the period of oscillation. Inserting the above
analytic solution for h into the expression for energy den-
sity, we Þnd a spectral density,⌦GW ⌘ d(⇢GW /⇢c)/d ln f ,
that is scale-free, where⇢c is the present-day critical den-
sity. This is what we expect to Þnd produced in the early
Universe by inßation Ð a scale-free SGWB. For cosmic
evolution that departs from radiation domination, how-
ever, we numerically solve Eq. (1) subject to the same
initial conditions to Þnd the e↵ect on the spectral den-
sity.

Cosmic Fluid.Ñ The description of the radiation-
dominated epoch is based on the free-Þeld thermodynam-
ics of a collection of noninteracting bosons and fermions
in thermal equilibrium [25]:

⇢ =
X

j

gj

2⇡2

Z 1

mj

dE

E
2
q

E2 � m
2
j

eE/Tj � sj

(2)

p =
X

j

gj

6⇡2

Z 1

mj

dE
(E2

� m
2
j
)3/2

eE/Tj � sj

. (3)

The sum is over all particle species of massmj , gj is
the multiplicity or degrees of freedom, andsj = ±1 for
bosons/fermions. Our notation allows the temperatures
for di↵erent species to di↵er, but in equilibrium we expect
all temperatures to be the same. At high temperatures,

Figure 1: (Top) The equation of state of the cosmic fluid,
consisting of 106.75 relativistic degrees of freedom as in the
Standard Model, and g⇤ = 0, 10, 30, 100, 300 degrees of free-
dom, descending, as a function of T/m. (Bottom) The step
feature in a SGWB for g = 10, 30, 100 300 degrees of free-
dom of mass m = 4 ⇥ 105 GeV. The Standard Model with
gSM = 106.75 degrees of freedom has been assumed. For lower
or higher masses, the curves shift left or right, respectively.
The top axis label gives the translation to the temperature of
the cosmic fluid in GeV, according to which 2⇡f = Ha/a0.

above the rest mass energy of all speciesT � mj , the
energy density and pressure are⇢ = 3p = g⇤⇡

2
T

4
/30,

and g⇤ is the e↵ective number degrees of freedom in the
relativistic gas.

Now consider an individual species in thermal equi-
librium with the rest of the ßuid. As the temperature
drops below the mass, the pressure given by Eq. (3)
drops slightly more rapidly than the energy density. As
the particle species thereby becomes non-relativistic, the
equation of state of the cosmic ßuid temporarily drops
below the relativistic case p/⇢ = 1/3. This is also in-
dicated by a positive trace of the stress-energy tensor
⇥ = ⇢ � 3p, which displays a spike relative toT

4. (See
Fig. 2 of Ref. [26].) The slight disturbance in the equation
of state a↵ects the redshift rate of the cosmic ßuid and
the Hubble damping in the gravitational wave equation.
This is the origin of the e↵ect we consider.

To model the impact of the thermal history on the
spectrum of gravitational waves, we evolve Eq. (1) in
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What is the Backlight effect?

Slight changes in the rate of cosmic expansion leave an 
imprint on all oscillatory modes of a SGWB.  

 
 
 

Such an imprint says “these modes were already oscillating.” 
In this way, a SGWB is a “backlight” on the early expansion 

history of the Universe.
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Goal:  Quantify step size in the gravitational wave spectrum  
          to show BSM physics may be within the reach of  
          LISA.
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ρ

scale factor: a

radiation

X ! radiation

X matter

Out-of-equilibrium decays can effect the 
expansion.

Out-of-Equilibrium Decays

Caldwell	&	Gubser,	2013	

Equilibrium	Freeze-Out	–		
	 	 	 	 	A	species	becomes	non-rela]vis]c	

Change in the stress-energy tensor when a species 
becomes non-relativistic.  The solid (dashed) line is 

for fermions (bosons).  
 

Free-field treatment of radiation dominated epoch 
means the freeze out of each species results in a 
bump to the trace of the stress-energy tensor.
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ρ

scale factor: a

radiation

X ! radiation

X matter

Out-of-Equilibrium Decays

Caldwell	&	Gubser,	2013	

Equilibrium	Freeze-Out	–		
	 	 	 	 	A	species	becomes	non-rela]vis]c	

Thermal species become non-relativistic (m,g).

Crossover phase transition (m,g) 

Dominance and decay of out-of-equilibrium species  
(X       SM, translate Γ, Y         m, g) X



Results2

Gravitational Waves.— We consider a linearized de-
scription of weak gravitational waves hij propagating
in an expanding spacetime ds2 = a2(⌧)(! d⌧2 + (�ij +
hij)dxidxj). The equation of motion for the Fourier am-

plitude h̃ij(⌧,~k) is

h̃!!
ij
+ 2

a!

a
h̃!
ij
+ k2h̃ij = 16⇡Ga2! ij (1)

where ! indicates derivative with respect to conformal
time and ! ij is the anisotropic shear tensor. The comov-
ing frequency f is related to the wavenumber k = 2⇡f .
Although the shear of the cosmic fluid gives rise to some
important e" ects, we will ignore its possible contribu-
tion for now, thereby setting the right hand to zero.
We can further simplify the evolution by separating the
frequency- and time-dependent amplitude h(k, ⌧) from
the polarization tensor: h̃ij = hP eP

ij
for P = +, " . Here-

after we drop the polarization index for simplicity. The
comoving expansion rate a!/a distinguishes two regimes
of behavior. For superhorizon modes, k # a!/a , the lead-
ing solution for h is a constant. For subhorizon modes,
k $ a!/a , the solution is oscillatory. In a radiation-
dominated background, with a % ⌧ , the analytic so-
lution is h = hi(sin k(⌧ ! ⌧i) + k⌧i cos k(⌧ ! ⌧i))/ (k⌧)
where we assume initial conditions that are consistent
with inflation, h = hi, h! = 0 at some suitably early time
⌧i. The energy density in linearized gravitational waves
is ⇢GW = &h!

ij
(⌧, ~x)h!ij(⌧, ~x)' / 32⇡Ga2 where the angle

brackets indicate averaging over a time interval much
greater than the period of oscillation. Inserting the above
analytic solution for h into the expression for energy den-
sity, we find a spectral density, # GW ( d(⇢GW / ⇢c)/d ln f ,
that is scale-free, where ⇢c is the present-day critical den-
sity. This is what we expect to find produced in the early
Universe by inflation – a scale-free SGWB. For cosmic
evolution that departs from radiation domination, how-
ever, we numerically solve Eq. (1) subject to the same
initial conditions to find the e" ect on the spectral den-
sity.

Cosmic Fluid.— The description of the radiation-
dominated epoch is based on the free-field thermodynam-
ics of a collection of noninteracting bosons and fermions
in thermal equilibrium [25]:

⇢ =
X

j

gj
2⇡2

Z "

mj

dE
E 2

q
E 2 ! m2

j

eE/Tj ! sj
(2)

p =
X

j

gj
6⇡2

Z "

mj

dE
(E 2 ! m2

j
)3/2

eE/Tj ! sj
. (3)

The sum is over all particle species of mass mj , gj is
the multiplicity or degrees of freedom, and sj = ± 1 for
bosons/fermions. Our notation allows the temperatures
for di" erent species to di" er, but in equilibrium we expect
all temperatures to be the same. At high temperatures,

Figure 1: (Top) The equation of state of the cosmic fluid,
consisting of 106.75 relativistic degrees of freedom as in the
Standard Model, and g⇤ = 0, 10, 30, 100, 300 degrees of free-
dom, descending, as a function of T/m. (Bottom) The step
feature in a SGWB for g = 10, 30, 100 300 degrees of free-
dom of mass m = 4 ⇥ 105 GeV. The Standard Model with
gSM = 106.75 degrees of freedom has been assumed. For lower
or higher masses, the curves shift left or right, respectively.
The top axis label gives the translation to the temperature of
the cosmic fluid in GeV, according to which 2⇡f = Ha/a0.

above the rest mass energy of all species T $ mj , the
energy density and pressure are ⇢ = 3p = g#⇡

2T4/ 30,
and g# is the e" ective number degrees of freedom in the
relativistic gas.
Now consider an individual species in thermal equi-

librium with the rest of the fluid. As the temperature
drops below the mass, the pressure given by Eq. (3)
drops slightly more rapidly than the energy density. As
the particle species thereby becomes non-relativistic, the
equation of state of the cosmic fluid temporarily drops
below the relativistic case p/ ⇢ = 1/ 3. This is also in-
dicated by a positive trace of the stress-energy tensor
$ = ⇢ ! 3p, which displays a spike relative to T4. (See
Fig. 2 of Ref. [26].) The slight disturbance in the equation
of state a" ects the redshift rate of the cosmic fluid and
the Hubble damping in the gravitational wave equation.
This is the origin of the e" ect we consider.
To model the impact of the thermal history on the

spectrum of gravitational waves, we evolve Eq. (1) in
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Gravitational Waves.— We consider a linearized de-
scription of weak gravitational waves hij propagating
in an expanding spacetime ds

2 = a
2(⌧)(�d⌧

2 + (�ij +
hij)dxi

dx
j). The equation of motion for the Fourier am-

plitude h̃ij(⌧,~k) is
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h̃ij = 16⇡Ga

2⇧ij (1)

where 0 indicates derivative with respect to conformal
time and ⇧ij is the anisotropic shear tensor. The comov-
ing frequency f is related to the wavenumber k = 2⇡f .
Although the shear of the cosmic fluid gives rise to some
important e↵ects, we will ignore its possible contribu-
tion for now, thereby setting the right hand to zero.
We can further simplify the evolution by separating the
frequency- and time-dependent amplitude h(k, ⌧) from
the polarization tensor: h̃ij = hP e

P

ij
for P = +, ⇥. Here-

after we drop the polarization index for simplicity. The
comoving expansion rate a

0
/a distinguishes two regimes

of behavior. For superhorizon modes, k ⌧ a
0
/a, the lead-

ing solution for h is a constant. For subhorizon modes,
k � a

0
/a, the solution is oscillatory. In a radiation-

dominated background, with a / ⌧ , the analytic so-
lution is h = hi(sin k(⌧ � ⌧i) + k⌧i cos k(⌧ � ⌧i))/(k⌧)
where we assume initial conditions that are consistent
with inflation, h = hi, h0 = 0 at some suitably early time
⌧i. The energy density in linearized gravitational waves
is ⇢GW = hh

0
ij
(⌧, ~x)h0ij(⌧, ~x)i/32⇡Ga

2 where the angle
brackets indicate averaging over a time interval much
greater than the period of oscillation. Inserting the above
analytic solution for h into the expression for energy den-
sity, we find a spectral density, ⌦GW ⌘ d(⇢GW /⇢c)/d ln f ,
that is scale-free, where ⇢c is the present-day critical den-
sity. This is what we expect to find produced in the early
Universe by inflation – a scale-free SGWB. For cosmic
evolution that departs from radiation domination, how-
ever, we numerically solve Eq. (1) subject to the same
initial conditions to find the e↵ect on the spectral den-
sity.

Cosmic Fluid.— The description of the radiation-
dominated epoch is based on the free-field thermodynam-
ics of a collection of noninteracting bosons and fermions
in thermal equilibrium [25]:

⇢ =
X

j
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The sum is over all particle species of mass mj , gj is
the multiplicity or degrees of freedom, and sj = ±1 for
bosons/fermions. Our notation allows the temperatures
for di↵erent species to di↵er, but in equilibrium we expect
all temperatures to be the same. At high temperatures,

Figure 1: (Top) The equation of state of the cosmic fluid,
consisting of 106.75 relativistic degrees of freedom as in the
Standard Model, and g⇤ = 0, 10, 30, 100, 300 degrees of free-
dom, descending, as a function of T/m. (Bottom) The step
feature in a SGWB for g = 10, 30, 100 300 degrees of free-
dom of mass m = 4 ⇥ 105 GeV. The Standard Model with
gSM = 106.75 degrees of freedom has been assumed. For lower
or higher masses, the curves shift left or right, respectively.
The top axis label gives the translation to the temperature of
the cosmic fluid in GeV, according to which 2⇡f = Ha/a0.

above the rest mass energy of all species T � mj , the
energy density and pressure are ⇢ = 3p = g⇤⇡

2
T

4
/30,

and g⇤ is the e↵ective number degrees of freedom in the
relativistic gas.
Now consider an individual species in thermal equi-

librium with the rest of the fluid. As the temperature
drops below the mass, the pressure given by Eq. (3)
drops slightly more rapidly than the energy density. As
the particle species thereby becomes non-relativistic, the
equation of state of the cosmic fluid temporarily drops
below the relativistic case p/⇢ = 1/3. This is also in-
dicated by a positive trace of the stress-energy tensor
⇥ = ⇢ � 3p, which displays a spike relative to T

4. (See
Fig. 2 of Ref. [26].) The slight disturbance in the equation
of state a↵ects the redshift rate of the cosmic fluid and
the Hubble damping in the gravitational wave equation.
This is the origin of the e↵ect we consider.
To model the impact of the thermal history on the

spectrum of gravitational waves, we evolve Eq. (1) in

Equation of state with 106.75 SM 
relativistic dof plus new physics dof.   

 
Above g∗ = 0, 10, 30, 100, 300 degrees 
of freedom, descending for different  

lines and colors.

The step feature in a SGWB for g = 10, 30, 
100 300 degrees of freedom.  Take a 
benchmark mass of  m = 4 × 10^5 GeV.  
g_SM = 106.75 degrees of freedom. 

For lower or higher masses, the curves shift 
left or right, respectively. The top axis gives 
the temperature of the cosmic fluid in GeV. 
(2π f = H_a/a_0). 



Results

The threshold Ω_{0GW} needed to identify 
the backlight effect for fixed degrees of 
freedom is shown as a function of the mass. 
The yellow shaded region shows the range 
of energies to be explored by proposed 
accelerators. The grey shaded region shows 
the level of SGWB excluded by current 
observations (in the absence of new physics 
at higher energies). 
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the background of a cosmic fluid with gSM = 106.75
relativistic degrees of freedom, plus g additional de-
grees of freedom at a collective mass m. Eqs. (2-3) are
used to build the background cosmology. Examples of
the equation of state history as functions of tempera-
ture are shown in the top panel of Fig. 1. We calcu-
late the spectral density for a sequence of modes span-
ning present-day frequencies f 2 [10�4

, 10�1] Hz. Upon
studying many cases in which g and m are varied, for
g 2 [0, 103] and m 2 [103, 107] GeV, we find the result-
ing feature in the spectrum is well fit by the function
⌦GW (f) = ⌦0

GW
(f)F (f ; g, m) where

F (f ; g, m) =
1� ✏(g) tanh[ln f/f0(m)]

1 + ✏(g)
. (4)

Here, ✏ = (1 ��)/(1 +�) where � ' (1 + g/gSM )�1/3

and 2⇡f0 = Ha/a0|T'm/b with b = 2.2/� determined
empirically. Illustrated in the right panel of Fig. 1 are
examples of the resulting step-like feature or break in
the spectral density, which we seek to detect. We see
that a mass in the vicinity of 100 TeV corresponds to a
feature at mHz frequencies.

This simple parameterization also provides an e↵ec-
tive description for a crossover transition, as occurs for
the electroweak Higgs symmetry breaking transition as
well as for QCD at the confinement transition. In both
cases, the behavior of the trace ⇥ is well fit by free-field
thermodynamics. In the case of the electroweak transi-
tion, the mass and degrees of freedom of participating
species are known, so that the e↵ect on the cosmic ex-
pansion may be calculated perturbatively. For the QCD
transition, lattice simulations are required to determine
the critical temperature and strength of the conformal
anomaly, which can be translated into a mass m and
e↵ective degrees of freedom g. Beyond the Standard
Model, we expect that the phenomenological impact of a
crossover in an SU(N) can also be described using Eq. (4),
where g scales as the appropriate power of the number of
charges of the gauge field and the coupled fermion fami-
lies. Hence, a transition in the vicinity of 100 TeV would
also leave an imprint at mHz frequencies.

The e↵ect of an out-of-equilibrium decay of a non-
relativistic species can also be accommodated within
our model. Consider a species X with mass mX that
drops out of equilibrium and freezes out at an abun-
dance YX . Following the blueprint for thermal dark
matter, this non-relativistic species will eventually dom-
inate over the radiation. However, if it subsequently de-
cays at a rate �X into Standard Model radiation which
thermalizes with gX degrees of freedom, this species can
drive a departure from pure radiation-domination and
produce the same step-like feature in a SGWB. In this
case, we can still use Eq. (4), but now � = 1� gX/gSM

and 2⇡f0 = Ha/a0|�X=H . The abundance is related as
YX '

3
4m

�1
X

(��1
�1)[90�2

X
M

2
P
/⇡

2
gSM ]1/4. In this case,

a decay rate �X that is roughly (100 TeV)2/MP would

leave a mHz imprint. Since the particle species must have
been non-relativistic since dropping out of equilibrium,
mX must be 104 TeV or larger.
LISA.— The Laser Interferometer Space Antenna is a

proposed mission by the European Space Agency (ESA)
to detect long wavelength gravitational waves. LISA is
three Michelson interferometers, consisting of a trio of
spacecraft in an equilateral triangle configuration; each
spacecraft, carrying a pair of isolated test masses, laser
and optics bench, is in a freely falling, Earth-trailing orbit
around the Sun. The distance between spacecraft is L =
2.5 ⇥ 106 km, which sets the characteristic frequency in
the mHz range. The mission requirements prescribe a
sensitivity range spanning the interval [0.1, 100] mHz [1].
The sensitivity of LISA to a SGWB may be estimated

by considering the signal to noise ratio of the optimal
statistic

SNR2 =
X

a=A,E

T

Z 1

0
df

✓
Sa(f)

Na(f)

◆2

. (5)

where S is the signal covariance matrix, N is the noise
power spectrum, dominated by acceleration and optical
metrology shot noise, and T is the observation time [27].
The sum is over the two independent autocorrelation
modes, labelled a = A, E. We implicitly assume that a
third mode T is used to characterize and clean the noise
from the A, E-modes. The signal due to a SGWB is

Sa[⌦GW (f)] = Ra(f) |W (f)|2 I[⌦GW (f)] (6)

where Ra is the response of the detector geometry to an
isotropic distribution of gravitational waves, W is a fac-

Figure 2: Tilted SGWBs consistent with current bounds that
feature a step (g = 100, m = 100 TeV) are shown on a sen-
sitivity curve for LISA (black solid). A SGWB without the
step (thin black line) is included for contrast. For the upper,
red dashed case, SNR=9 and the Fisher forecast measure-
ment uncertainty is �g = 15, �m = 24 TeV; the feature in the
lower, purple dotted case is at the threshold of detectability,
with SNR=3 and �g = 50, �m = 75 TeV.

SGWBs consistent with current bounds that 
feature a step (g = 100, m = 100 TeV). 
Sensitivity curve for LISA is a black solid.   
 
A SGWB without the step (dashed black 
line) is included for contrast.  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Figure 3: The threshold ! 0
GW needed to identify the backlight

e" ect for Þxed degrees of freedom is shown as a function of the
mass. The yellow shaded region shows the range of energies to
be explored by proposed accelerators. The grey shaded region
shows the level of SGWB excluded by current observations (in
the absence of new physics at higher energies).

release [34] as well as data from the Keck Array and
BICEP2 collaborations [35] the scalar perturbation am-
plitude is 109As = 2.100 ± 0.030, the tensor to scalar
ratio is constrained to be r < 0.07, and the CMB pivot
frequency is fcmb = 1.94 ! 10�17 Hz; the radiation en-
ergy density consisting of photons at a temperature of
Tcmb = 2.7 K and three nearly massless neutrinos is
! r h

2 = 4.15 ! 10�5; the Hubble constant is measured
to be h " 0.7 [34, 36]. Finally, we can use a variety of
upper limits on ! GW coming from measurements of the
CMB, pulsar timing arrays, and the LIGO collaboration
to state nT < A log10(r/0.11)+B at the 95% confidence
level where A = # 0.13 and B = 0.68 [37].

Using these constraints the upper limit to the SGWB
at LISA-frequencies is given by

! GW (f) ! 10�5
⇣

r

0.07

⌘✓
f

f⇤

◆0.7�0.13 log10(r/ 0.07)

. (15)

Note that for the SGWB to have such a large ampli-
tude at LISA frequencies it would have to have a positive
spectral index. This is not possible within the context of
single field slow-roll inflation

On the other hand, if the primordial SGWB is scale
invariant (i.e., nT = 0) then at LISA frequencies

! GW (f) ! 5.2 ! 10�16
. (16)

The sensitivity of LISA to the thermal history of the
Universe is summarized in Fig. 3. First, we see that
the threshold ! GW to identify the backlight e" ect de-
creases monotonically as the number of degrees of free-
dom increases. However, the relative gain in sensitivity
diminishes as the floor of the LISA sensitivity window is
reached. Second, LISA is most sensitive to e" ects that

correspond to frequencies near a few mHz, which trans-
lates into a shift in degrees of freedom at a mass scale
near 100 TeV.
Beyond the Standard Model Scenarios.— A large num-

ber of particle physics scenarios entail new physics at
multi-TeV to PeV temperatures. Many of these scenar-
ios (1) feature new long-lived particles that freeze out
or generate out-of-equilibrium decays, or (2) exhibit a
second order phase transition. The long-lived particles
(LLP) that generate out-of-equilibrium decays are re-
quired to temporarily generate a matter dominated uni-
verse. Thus, O(1) EeV LLP is needed. Such scenar-
ios can be readily accommodated in supersymmetric sce-
narios with a suppressed coupling between the sparti-
cles and Standard Model decay products. Recently, new
PeV scale physics has been considered to explain neu-
trino events seen at the IceCube. The lifetime of the new
physics is far in excess of what is needed for the backlight
e" ect. However, these models can easily be modified to
produce a signal [38–41].
If supersymmetry is broken in a crossover transition at

$ 100 TeV, endowing mass to the superpartners carrying
O(100) degrees of freedom, then detection would require
a background ! 0

GW " 10�11, as can be seen in Fig. 3.
A long-lived particle of mass mX " 106 GeV with

decay constant #X " 1.3 ! 10�8 GeV and abundance
YX " 1.8 ! 10�2(mX /106 GeV)�1 would have the ap-
pearance of a crossover transition with 100 degrees of
freedom at 100 TeV, right in the center of the LISA win-
dow.

If the sole addition to the Standard Model up to these
mass scales is a single massive species, such as a dark
matter candidate at the limit of the unitarity bound #
100 TeV [42], then detection would require a background
! 0

GW " 5 ! 10�10. This threshold is inconsistent with
the current LIGO bound; however, if there are further
changes in the particle content at higher energies, then
the bound may be softened. Continued improvement will
restrict attention to blue-tilted backgrounds and limit the
ability to resolve the number of species.

Discussion.— The ability to detect the SGWB at a
wide range of frequencies provides crucial information
about the physics that produces it. There are impor-
tant implications of this backlight e" ect for detection of a
SGWB across spanning the CMB (f $ 10�18) Hz to the
sensitivity bands of LIGO/VIRGO and future ground-
based observatories [43, 44] (f $ 100 # 1000 Hz). If a
primordial power-law spectrum is detected in the CMB,
then we can expect the amplitude at the low-frequency
end of the LISA window to be suppressed by a factor of
$ 0.4 relative to a naive power-law extrapolation due to
the thermal history of the Standard Model (see Fig. 5
of Ref. [17]). The combined e" ects of neutrino viscosity,
the non-relativistic transition of electrons, and the QCD
and EW Higgs crossover transition serve to lower the am-
plitude of higher-frequency waves. Similarly, due to un-



Is there a SGWB? ! No (Be happy with all the primary LISA science!)

! Yes Is it a foreground? ! Yes (Not a surprise. Keep looking)

 ! No Congratulations!

Peaked SGWB?      ! Yes (1st order phase transition? Call CERN!) 

B modes in CMB?   ! Yes (Confirm inflation?) 

Featureless power law? ! No (Are you sure it’s not a foreground?)

! Yes Is there a step?  ! No (A “late time” SGWB? Look for defects!)

 ! Yes Congratulations! It is primordial!

Interpret in terms of m,g. Call CERN!

LISA Discovery Decision Tree



Conclusions

Detecting the SGWB at a wide range of frequencies 
provides crucial information about the physics that 

produces it.  
 

The backlight effect may help to illuminate 100 TeV decays 
of long-lived particles.



Thank you!
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than 1 × 10−16 N/√Hz, which is the most serious prob-
lem. ESA’s gravity mission, GOCE, has realized the force 
noise of 1 × 10−12 N/√Hz, and LISA pathfinder achieved 
the force noise level as low as  10−14 N/√Hz in 2016 [15]. It 
is very hard to reach the force noise of  10−16 N/√Hz level 
which is 1/20 of the requirement force noise of LISA. In the 
first step we have developed the torsion bar based precision 
force detection system for evaluating extremely small force 
noise, and also estimated the effect of gravity, EM force, 
residual gas, thermal radiation, cosmic ray, control noise etc. 
on the force noise to the test mass. The vibration noise of 
the satellite should be suppressed to 1 × 10−9 m/√Hz level 
at 0.1 Hz for realizing the requirement force noise to the test 
mass. To achieve this vibration level, the active vibration 
cancellation system may be required. For keeping triangle 
shape interferometer, the stable formation flight technique 
should be established whose fluctuations of the 1000-km 
arm length should be controlled within 500 m. The optimum 
orbit design and the precision micro thruster are essential for 
stable formation flight.

With its designed strain sensitivity, DECIGO has three 
main scientific targets. The first target is GW from the inspi-
ral and the merger of the intermediate-mass  (103–105  Mʘ) 
black hole (IMBH) binaries. Since these multiple collision 
are expected to result in the supermassive black holes, the 
detection of these GW will give us the inspection of forming 
mechanism of supermassive black hole in the center of gal-
axy [16]. The second target is the distant neutron star bina-
ries with the redshift of 1, which will give us the informa-
tion about mass distribution of neutron stars (brown arrow 
in Fig. 3b). Besides these binary targets, the possibility of 
detecting GW from intermediate mass-ratio inspiral (IMRI) 
is also discussed [17].

The most interesting target of DECIGO is the stochastic 
background GW from the inflation at the early universe. We 
can investigate these phenomena such as primordial black 
holes, inflation or astrophysics objects in the early universe 
only by detecting GW because no electric–magnetic wave 
propagates from these eras when high-energy plasma was 
filled in the whole space. The background GW is originated 
from the quantum fluctuations during the inflation, and its 
spectral shape involves the information about the evolution 
history of the universe. Figure 4 shows the spectrum of back-
ground GW where the vertical axis denotes GW energy ratio 
for critical density of the universe, ΩGW [18]. The lower fre-
quency range of background GW around  10−18 Hz appears 
in the CMB (cosmic microwave background) polarization 
patterns, which would be detected indirectly from the CMB 
observations by BICEP2 [19] or COBE [20], and the mid-
frequency range around  10−5 Hz can also observed by pulsar 
timing arrays or the Doppler tracking. Direct detection of 
the primordial GW wave at higher frequency range would 
give us the information about very early universe such as 

reheating temperature or thermal evolution history of the 
universe. The amplitude of GW signal, h̃GW(f ), is propor-
tional to [ΩGW(f)]1/2 f −1.5 which becomes weaker at higher 
frequencies, and, on the other hand, the lower frequency 
below 0.1 Hz, there stays the foreground GW signal orig-
inated from many massive black hole binaries and white 
dwarf, neutron star binaries, and these unresolved signals 
mask the background GW signals (see Fig. 4). Therefore, 
only DECIGO can access the open window for direct obser-
vation of the early universe. The interferometer design of 
DECIGO shown in this session is the preliminary one, and 
is the first step to confirming the conceptual design. The 
various combinations of parameters are under investiga-
tion for improving the sensitivity of the interferometer. For 
example, the longer arm length of 1500 km, higher laser 
power of 30 W, and mirrors with larger diameter of 1.5 m 
with the same weight result in the improvement of the strain 
sensitivity by factor of 3. Final design should be confirmed 
for taking targets, budget and technical practicality into 
considerations.

3  B-DECIGO

Since the initial idea was proposed in 2001, we have pro-
moted DECIGO project along the roadmap shown in 
Fig. 5. As DECIGO is a very large mission in the aspect 
of resources or technical issue, we had planned three mile-
stone missions before launching DECIGO in 2030s. The first 
demonstration mission was SWIMμν which is a space-borne 
torsion-bar-type gravitational wave antenna (TOBA) oper-
ated on the JAXA’s small satellite (SDS-1) launched in 2009 
[21]. SWIMμν had successfully demonstrated 1-year opera-
tion of the sensing and control of the test mass in space. 

Fig. 4  The spectrum of the background GW from inflation (black 
dotted line). ΩGW is GW energy ratio for critical density of the uni-
verse. Black hatches denote foreground GW from binaries: WD white 
dwarf, NS neutron star, MBH massive black hole, PPTA Parkes pulsar 
timing array *Kawamura; et al. (2008), J. Phys.: Conf. Ser. 122 (1).

DECIGO:  Sensitive in the 
frequency band between 
0.1 and 10 Hz.  Designers 
hope to launch it in 2027 

(funding pending).



interferometer signal: Φ
response to GW: S 
instrument noise: N 

Adapt: SNR due to step

Standard SNR calculation

Calculation of the sensitivity to the  
Step Feature



Aside:  More Information on Gravitational 
Wave Cosmology

• Standard Sirens* are analogous to standard candles for SNIa.   
 
Black hole and neutron start  
binaries are the classic standard  
sirens.  Generates chirp-like  
gravitational waveform as the  
binaries spiral together.  
 
GW170817 used to estimate H  .

*See, for example,  Maggiore, M, Gravitational Waves. Vol. 1: Theory and Experiments.

0

LIGO, Virgo,1M2H, Dark Energy Camera GW-E, DES,  
DLT40, Las Cumbres Observatory, VINROUGE 
and MASTER Collaborations

http://inspirehep.net/search?p=collaboration:%27Virgo%27&ln=en
http://inspirehep.net/search?p=collaboration:%271M2H%27&ln=en
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https://lisa.nasa.gov


