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Motivation

Brand new era of observational
cosmology and
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[LIGO/VIRGO collaboration 1602.03837]
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Example: GWs and Dark Matter
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Gravitational Wave Signals

Iransient:

¢ Compact object mergers

BH—BH mergers

NS—NS mergers

NS—BH mergers

Extreme mass-ratio inspirals
Super-massive BH mergers
Exotic compact objects

e GW bursts

+ Binary formation?
+ Highly elliptical binary orbits

IR SR SR S S S

This is just the

Stationary:

® Sum of unresolved
transient signals

® Stochastic backgrounds

*

+ 4+ + +

Inflationary background

Cosmic strings

Cosmological phase transitions
Modified cosmological evolution
Non-pert. particle production

very tip of the iceberg!
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Gravitational Wave Signals

Iransient:
Part Il:

o Compact obiect mergers

Ricci Reheating

NS— NS mergers
& NS—BH mergers

+ Exireme masygatio inspirals ¢ StOChGSHC &]Ck I'OUHCIS
+ Super-massive BH mergers + Inflationary background
+ Cosmic sfrings
o

+ Cosmological phase transitions
+ Modified cosmological evolution

Long-range Forces and + Non-pert. particle production
Neutron Star Binaries

This is just the very tip of the iceberg!



Part I:

Long-range Forces and
Neutron Star Binaries

Based on: “Probing Muonic Forces with Neutron Star Binaries"

Jeff Dror, Ranjan Laha and Toby Opferkuch 1909.12845

"Cuckoo’s Eggs in Neutron Stars: Can LIGO Hear Chirps from the Dark Sectorg”
Joachim Kopp, Ranjan Laha, Toby Opferkuch and William Shepherd 1807.02527
JHEP 1811 (2018) 096
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Motivation

® Post-Newton inspiral phase:

O(.15) sec for 30M, BH—BH
O(30) sec for 1.4M NS—NS

® Sensitivity to:

+ Modifications of gravity
[Sagunski et. al. 1709.06634]

+ Fifth forces (e.g. axionic forces)
[Hook, Huang 1708.08464]

+ Forces coupled only to DM [back-up slides]
[Croon et. al. 1711.02096, Alexander et. al. 1808.05286]
[Fabbrichesi & Urbano 1902.07914]

+ Muonic Forces [This talk]

® Two key effects: mcq S 1070 eV

Normalized ampditude
0 2 R (0

S
LIGO-Hamford

Frequency (Hz)

- 20 10 0

Tune (seconds)

[LIGO/VIRGO

1. Yukawa force 2. Dipole radiation collaboration

1710.05832]
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Yukawa Force

Gravitational Waves

Gy

—>
Yukawa Force

G Nmimo T /2
101 = Cy ] (T e
Equating: dBoy _ dbaw
dt dt Degenerate
d [effective shift
— 00 (GN./\/l )3 (1 4 @)?/Bu11/3

o0 dt B in chirp mass]

s

Mo = M (1 + a)??
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Yukawa Force

Attractive dark force only

® Waveform enters 0.0090 - Reminder: (T 100k
cre o | \ C T 4 Gy | o my' = 300km
LIGO sensitivity band - "
when r ~ 750 km § 00015
% 0.0010 A
o E
WO cases: £ oo -
1. m;' > 6(300 km)
| 00000 . WA ¥
Degenerate with gravity 0 250 500 [7]50 1000 1250
time |s

2. m;' < 6300 km)

Deviation from straight line

[Kopp, Laha, Opferkuch, Shepherd 1807.02527]
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Dipole Radiation

Gravitational Waves

dEGW 2 4 6
G
a o oNRT

Dipole

Grav,fy R - Radidﬁon
dEy,
dt x ’7,&2(&)47“2

X =BH, WD, Star

. dE dE dE
E : tot __ GW | vV ) )
quating: —, dt dt 2 <q1 _£>2
47TGN) ™M1 mo
dw 96 5/3 m2 1 m2 \
i (G M) P WM /3 4 GNMBwBRe{\/ wQV {1 + 5—;/} >

W
Alternate scaling with frequency [5 s 4 ]
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Dipole Radiat

(CERN)

ion

Dipole radiation only

Reminder:
_ Ay

mi1mso

— my," = 12000km

— 3 =10""1
— [ =102
— 3 =103
=== Gravity

® Waveform enters 0.0020 -
LIGO sensitivity band -
when r ~ 750 km =
. £ 0.0010 -
o Alternate scaling of the =
dipole contribution: = 0.0005 -
1. Sensitivity to much B

lighter masses

2. Easier to distinguish
from GR only

[Kopp, Laha, Opferkuch, Shepherd 1807.02527]

250 500
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Leptons in Neutron Star Cores

® Leptons described as a non-interacting Fermi-gas

® Determine n,(r) given nucleon density that minimises the
total free energy and the following:

1. Weak processes in equilibrium i.e, n,p,e™ abundance
== U (1) + p, (1) + p1,,(7) 5 0

NB: neutrinos escape (cold NS)

2. Local charge neutrality
= n,(r) = n,(r)
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Leptons in Neutron Star Cores

o 1
o As electron density increases: kp, = (3ﬂ2ne)3 2

e — U +r,+vu,

n—p+pu +v,

® |[n the SM the number
density follows:

H(P) + () = 0

® Pauli-blocking due to
high electron density
forbids muon decay

Over 10%’ kg worth
of ‘stable’ muons

} Kinematically allowed

m

U

— 2.0 .
DN cold non-rotating, : Pulsar
; non-accreting NSs : J074046620
EZ [Dror, Laha, Opferkuch 5
1909.12845

~ 1.5 1 ]
Ei
= |
£ 1.0 7 ; BSk24
=
[
N
3
= 0.9 BSk22 __ar g)
g _________—__—.:-’-_—_:.’- ------------ — BSk26
= Eommonoilii———
2 0.0 I | | | |

1.o0 1.25 1.50 1.7 2.00 2.25

Neutron Star Mass Mys [Mg]
[NS equations of state taken from Pearson et. al. 1903.04981]

2.90
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Muons & New Forces

® New long-range forces relevant for NS binary mergers
induce unscreened self-interactions of the muons

(P + p(r) + U, () =0
where \

r 1 r
U,(r) = S J dr’f'l' drdrzn, (r")
4 r’ ), K

requires solving a non-linear
integral equation for n,(r)

e Effect becomes relevant when

1
JdVEjNﬂeN = N, x— for g’ > 107"
g’

Maximum muonic charge saturated at g’ ~ 10718
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Constraints on Gauged L, — [,

e Prototype example: ultra-light gauged U(I)Lﬂ_LT

/ — — o — 8" —
LD gVa(iy*w—7y"7 + 0,7 vy — 0277
[see for example He, Joshi, Volkas 1991,
Altmannshofer, Gori, Pospelov, Yavin 1403.1269]

¢ Calculate GW waveform (including GR-only

PN corrections) [Requires expanding in a and /]

® Fisher-matrix analysis to determine 10 upper-limits

. Pred. GW waveform
Invert the matrix: \

fhieh 1. 7.%
oh | Oh . - st hihy |,
_ with (h1lh _—4Re/ d
Fab B (890' 891)) | ( 1‘ 2) low ?n(f/) f

Exp. noise curve
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Constraints on Gauged L, — [,

Wavelength A [km] sensitivity a > 1
1012 1010 10% 10° 104/ 107
—18 | | | | | |
].0 E | ( / i I’Ii
] ‘ |Ill |
| | o %%
Binary pulsarsy, XN B
-~ 10—19 - (dipole radiation) X 5y
- 3 ‘ /I
aﬂ 4
= o) f
Q, S\ >4
_og [ RS- RS - \ P ISCO
g 1029 - NS—NS merger ‘. /’ WX FF
© (dipole radlatlon? l/," / cut-o
qb')o i I N N .0 a0 S0 R / \ \_/ I/',l %
CS@ ________________________..___; ___________________________________ ?_{___ ‘| /ll/ll Qg)
O 1021 - W\ ,}// | 3
e e e - = N o
| NS-BH merger \' =~/ &
.. N B : Nt =
optimistic ,uz fraction (dipole radiation) >
—— pessimisitic p-fraction ~7 U%
T e e A B i A
10722 10720 10~ 1076 10~  10~12  10-10

Parameters: Vector boson mass my [eV]
low spin m; = 1.46 M
Deg = 40 Mpe m2 = 1.27M [Dror, Laha, Opferkuch 1909.12845]
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Neutrinos from NS Muons

® Large Fermi-energy of electrons and muons implies
spectators required for energy and momentum conservation

Rates: (1018 — 1021)T98 erg cm s ! (1013 _ 1015)T§ erg cm—3 ! e
v
: " %,
Both lead to nearly

thermal neutrino 1>

> y “ > 3 LV

T \ spectra Tyg < MeV F £

A\

[Yakovlev et. al astro-ph/0012122]
e Muon diffusion from Pauli-blocked to free region (k, < m,)

1. Non-thermal spectrum £, ~ 10 — 40 MeV

2. Detectable with future neutrino experiments
for tyg ~ 1 — 15 years old NS @ Tkpc

[Work in progress - Kopp, Opferkuch]
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Part I: Take Home Message

® Neutron stars are fantastic probes of long-range forces
[In particular for cases where fifth-force experiments are
not applicable]

® Huge inevitable abundance of muons in neutron stars
screams out to be used as a new BSM laboratory!
[For example NS/SN cooling due to new physics
coupled to muons]



Part Il

Ricci Reheating

Based on: “Ricci Reheating”

Toby Opferkuch, Pedro Schwaller and Ben A. Stefanek 1905.06823
JCAP 1907 (2019) 016
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What do we know about
the Universe?

Teday 14 Ddien years

* Hot thermal plasma required e T
for nucleosynthesis e i =N

-

2 M I ,".;l)‘ ..'
Galary formation era)

e CMB measurements suggest
a period of cosmic inflation

Recomdnaion - .-
e » . - .~

Matiet dermiaatoe

. . T ~ 1073 GeV sremrnnsuns Naclessyhess
Possible connections T
between the SM Clnd Energy scale separation
the inflationary sector? potenilly £~ 010 Gov 00"

Can gravitational ="
waves help probe this desert?

[http://www.ctc.cam.ac.uk]
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Standard Inflation Picture

Pinf

Slow roll inflation

o> Inflation ends

Inflaton potential V(o)

5 _ . Oscillations around
R? inflationary potential V ~ m252?

Field value o

Couplings between the inflaton and
SM sector completely determine
reheating temperature and dynamics

Trg x /1'Mp

=F

9: S~

=g O(Q\él\ﬁ\

E S~ o
Gy

O:

ok

=f

Q GRH
Scale factor log a

Does the inflaton
require couplings

to SM fields?@

Energy density p
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Gravitational Reheating

[L. H. Ford 87]
® Time varying background

PGpp ™ 10_2Hf — @ X (

Pinf
*1'll also refer to these as "
gravitationally produced particles Recall: p X a

H,\? Need to dilute inflaton
Mp> energy density (fast)!

—3(14w)

Pinf

PGPP

Energy density p

Scale factor log a
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® Time varying background

/OGPP ~J 10_2Hf — —IOGPP

Pinf
*1'll also refer to these as
gravitationally produced particles

Pinf

PGPP

Energy density p

Scale factor log a

Gravitational Reheating

H 2
> (Mp)

[L. H. Ford 87]

Need to dilute inflaton
energy density (fast)!

Recall: p o = 31+)

® Require a period with stiff
equation of state 1/3 <w < 1
[L. H. Ford 86, Spokoiny 93]
K=V
K4V

w

Reminder:

w = —1 Inflation/CC
w=10 Matter

w = 1/3 Radiation

w > 1/3 Kination
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® Time varying background

pepp ~ 10 °H,; —

Pinf
*1'll also refer to these as
gravitationally produced particles

; PGPP

Pinf

PGPP

Energy density p

Scale factor log a

Gravitational Reheating

H 2
> (Mp)

[L. H. Ford 87]

Need to dilute inflaton
energy density (fast)!

Recall: p o = 31+)

® Require a period with stiff
equation of state 1/3 <w < 1
[L. H. Ford 86, Spokoiny 93]
K+V

w

® Example potentials with w > 1/3

— V =0¢"", with n>?2

— Non-oscillatory potentials
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Inconsistency of Grav. Reheating

[D. Figueroa & E. H. Tanin 1811.04093]

The very same
Pinf

mechanism produces
gravitational waves!

® GWs inside the horizon
scale as radiation (a™)

PGPP

End off inflation
Energy density p

-----
————
A ~

/

® Dominate over
radiation produced

L
_____
-------

Scale factor log a ® BBN IS rather dlfﬁCU"’
Wli'h PGW = Prad

¢ Additional spectator fields ©(100)

® Return to direct coupling of the inflaton

® Modify gravitational reheating
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The Ricci Curvature Scalar

In post-inflationary FRW’W Remembgelr;
Pinf X a (14w)

R=—-3(1 -3w)H"?

—12H?*, inflation (w = —1)

- ) —3H?, matter domination (w = 0)
o, radiation domination (w = 1/3)
6H*, kination domination (w = 1)

Ricci scalar changes sign if w > 1/3 after inflation
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A Non-minimally Coupled Scalar

. / Y 4
Consider a real scalar field ‘Reheaton Contains other matter fields

s/ d%r{ 90,00, — Vial9) — "o /}

2 R og/ﬂmat
Non-minimal

with
. 99.9[3 ling to)\grawty During inflation Directly after inflation
_ 2 3 4 E )
Ver =5 (m*—€R) ¢° i 76" % Vir ~ 36262 + 2.6°
----------
assuming m?* < H? =
g * :
CG uanituin
,é) ﬂgctuattions
QQ
° ° [ m I I
No inflation sector specified: Gmin = 0 Gmin o H
Treat inflaton EoS as an order =
e w > 1/3
parameter of the theory =
S
[Similar mechanism appears in qC:: [Opferkuch, Schwaller,
Dimopoulos, Markkanen 1803.07399] — Stefanek 1905.06823]
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Energy Extraction by the Reheaton

Numerically solving the full EoM Alternatively
.o . / plnf
; ' ¢+3Ho+V(¢) ~EBw —1)—5¢
¢+ 3Hp+ (m* — ER)Y + Ngp® = 0 My
Inflaton energy density acts as
W||'h H? — pme ~ er—?)(l—i—w)]\f a source for the reheaton
3M2
L5 *LISA detectable benchmark point!
| (w = 0.55 ) 10" 1 ' (w=0.55
__ —4 _ £E=1.0
1.0 e e §= 1'0_4 | - s 104
m* t A =10 | % 10~8 - . |
~ QU
S 0.5 >,
2 £ S I -~ R
Tg ,_Gg A/pinf
g 0.0 >
g g
- 2
—0.5 - H
: [Opferkuch, Schwaller, _og ;
| Nonin Stefanek 1905.06823] 107779 Noinl
—1.0 T I I I T | | |
0 2 4 6 8 10 0 2 4 6 8 10

Number of e-folds N Number of e-folds N
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Energy Extraction by the Reheaton

10°
. 107°
y:
S 1076
B
= 107°
3
é% 1012
P
%D 10—15
-
1021

H, = 6.6 x 1013 GeV
w=1, A=10"*

_--- analytic approx.

[Opferkuch, Schwaller,
Stefanek 1905.06823]

Number of e-tfolds IV
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Energy Extraction by the Reheaton

H, = 6.6 x 1013 GeV
w=1, A=10"*

_--- analytic approx.

4-—-In|ha| tachyonic growth

5 p— p—t p—
===
— | | |
(\V) Q @) W

p—
o)

Energy density |p;/piy¢l
— —
° ©
o0

\V)
p—

1n1t(,w — 1) - 1 L

p—
-

[Opferkuch, Schwaller,

Number of e-tfolds IV

Stefanek 1905.06823]
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Energy Extraction by the Reheaton

10°

10~°

Energy density |p;/piy¢l
— — . -
= 9 o o
=R R SR

p—t
-
|

[

00

H, = 6.6 x 1013 GeV
w=1, A=10"*

_--- analytic approx.

ek
-
|

\V

o

0

[Opferkuch, Schwaller,
Stefanek 1905.06823]

Number of e-folds N Radiation scaling
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Energy Extraction by the Reheaton

10°
H. = 6.6 x 10'° GeV
—3 _
— 10 w=1, A=10""*
= :
& 1076 - _--- analytic approx.
g
> 10_9 7 Reheaton-kination
§Z equality \
§ 1072
%
é}‘ 10_15 . |
= 7,
62 |~
10~*°
\
10~2*
0 4 6 3

[Opferkuch, Schwaller,
Stefanek 1905.06823]

Number of e-tfolds IV
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Blue-tilting the Infl. GW Background

. . . . [M. Giovannini hep-ph/9806329]
Modes re-entering during kination

2(3w—1)
k‘ 3w+1

Qaw (k) (k_ke

Growing function for w > 1/3

Can switch to frequency/wave-number through & = aH

I

Arises from PGW a 301
X —= —a
mismatch pe(k > ki) a=30Fw)
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Blue-tilting the Infl. GW Background

Modes re-entering during kination

2(3w—1)

k 3w+1

Qaw (k) (k_ke

Benchmark point w  H, [GeV] 19

1. LISA %’ 0.55 6.6 x 103 1.0
2.ET ‘e’ 0.65 1012 1.0
3.CMB-S4 ‘+  0.95 1012 0.8
4. Large £ '}’ 0.6 1012 15.0

| | |
10~ 1072 107 107* 10° 10* 108
10! Frequency [Hz]

1012
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Blue-tilting the Infl. GW Background

Modes re-entering during kination
L\ Bwri

Qaw (k) (k_> --------
ke

Important features:
o Tilt

Benchmark point w  H, [GeV] 19

1. LISA ‘%’ 0.55 6.6 x 103 1.0 ' ' '

2. ET ‘o’ 065 102 1.0 10 10712 107% 107* 10° 10 102 1012
3. CMB-S4 ‘+’ 0.95 1012 0.8 107*

4. Large £ '}’ 0.6 1012 15.0 1074

Frequency [Hz]|
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Blue-tilting the Infl. GW Background

Modes re-entering during kination

2(3w—1)

k 3w+1

(k) (kk

Important features:
o Tilt
® Kination end point

S

&\

=
Benchmark point w  H, [GeV] 19 A
1. LISA ‘¥’ 0.55 6.6x 10" 1.0 1074
2.ET ‘@’ 0.65 1012 1.0 107
3. CMB-S4 ‘+’ 0.95 1012 0.8 1074
4. Large £ '}’ 0.6 1012 15.0 1074

107° -

1073 -

10~

10~ -

10—17 -

102V

s k2 determines end

point of the tilt

10—12

| | | |
1078 107* 10° 10%
Frequency [Hz]|

|
108

1012
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Blue-tilting the Infl. GW Background

Modes re-entering during kination

2(3w—1)
k 3w+1

Qaw (k) (k_ke

Important features:

o Tilt

® Kination end point
C

® Amp. flat spectrum &

Benchmark point w  H, [GeV] 19 A

1. LISA ‘%’ 0.55 6.6 x 10 1.0 1074
2.ET ‘e’ 0.65 10%2 1.0 107
3. CMB-$4 ‘4’ 0.95 1012 0.8 10~
4. Large £ '}’ 0.6 1012 15.0 1074

10—17 -

102V

10—12

10~4

|
10°

|
10%

Frequency [Hz]|

|
108

1012
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Blue-tilting the Infl. GW Background

Modes re-entering du

ring kination

2(3w—1)
k 3w—+1 |
QGW(IC) X k_ 107 - : ,‘i " kY determines UV
ke i i "cut-oFF of spectrum
\ |
]
\ |
Important features: 105 - ) X
o Tilt 'I' :
. e . '
® Kination end point ., , ‘
10 O
® Amp. flat spectrum 9 o
e UV cut-off S
10—14 _
L Re A
_ 7
10 17 _ ./// ‘/
7’ /‘/
7 .
Y * !
Benchmark point  w  H, [GeV] £ A 10_20 __‘_/__‘/ ______ o =
1. LISA ‘¥’ 0.55 6.6 x 10 1.0 107 ' ' ' ' !
2. ET ‘o’ 065 102 1.0 10 1072 107% 107%* 10V 10% 108
3.CMB-S4°4+’ 095 102 08 10~
4. Large £ '}’ 0.6 1012 15.0 1074

Frequency [Hz]|
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Nets and Planck

GWs inside the horizon contribute to number of relativistic DOFs

df
Qew = | —=Q%w(f) — i
GW GW _ L& '
f 107° {AN.g (Planck 19)1 h | 1
| | | ’ | ' '
. | l |
Integral dominated N TS T O R
10~8 e |
by end point (CMB 54)
= 1011 _
z 10
G
[\ K
< 10— 14 Depends on
- , RR
s /»:/ the size of the
* Re /,{" non-minimal
10717 - .//’ v coupling
’ R
JRe < O o
Benchmark point w  H, [GeV] & A 10_20 — . _:{ ...... +
1. LISA 0.55 6.6x 103 1.0 107* ' ! ! ! !
2.ET ‘o’ 0.65 102 1.0 10 1()_12 1()_8 1()_4 100 1()4 1()8 1012
3.CMB-S4 ‘+’  0.95 102 0.8 1074
4. Large £ 1 0.6 1012 15.0 107 Frequency [HZ]
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Non-minimal coupling &

Detectability

0.5

H, = 6.6 x 1013 GeV

A =104

—
—
—
—
—

el p—

I * I
0.6 0.7 0.8 0.9
Inflaton equation of state w

1.0
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Detectability

H, = 10'°% GeV
A =104

[
-
[

e
-
-

Non-minimal coupling &

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Inflaton equation of state w
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The Higgs as the Reheaton

[See also D. Figueroa & C. Byrnes 1604.03905]

e Replace ¢¢°R — £|HI*R
* Quartic no longer free parameter

* Renormalisation scale & RGEs determine quartic:
*using results of D. Buttazzo et. al 1307.3536

- - 3(Bw — 1)
K= ¢min ﬁ MZ — )\(,u) Hr2n1n()\<:u))

Ending tachyonic

)‘(:LL — gbmin) > ()

growth requires
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Inflation scale H. [GeV]

The Higgs as the Reheaton

H, <6 x 10°GeV
\

1010

p—
O
Ne

Non-minimal coupling &
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Part lI: Take Home Message

® Non-minimally coupled scalar can resolve
issues with conventional grav. reheating

® Probed through GWs (direct detection & Ne#)

® Higgs can be the non-minimally coupled scalar
bUi' TRH rg 1 GeV
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Neutron Star Mergers

T w0 BH
-7 Z
/ o7 ~— stable
o accretion = 5 _ 4 kH>
inspiral — B

low
Mysmax < My; j —onge”?
max inaxy
Mbmary <3 MO & . \\\
' /i hef-mas_g’ 5/70/1-//'1/90' R BH
merger hypermassive NS ‘
NS

________

ringdown

I
1-3kHz 2—4 kHz ]
< 1 kHz v 5—-6kHz  6.5—7kHz
§ BH
NS -
L accretion .
inspiral

/ Rtidar = Risco \\‘4 BH
tidal disruption .
BH %

’ ringdown

@

7
(3
‘o

plunge

[Bartos, Brady and Marka 1212.2289]
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What About Dark Matter?

e Asymmetric DM endowed with a repulsive long-range force

Radius of DM
core larger
similar to range
of new force

DM is not bound
to NS

Approximate
LIGO/VIRGO
sensitivity

future experiments will

‘e
e
e
.
e
e
.
.

Dark matter mass fraction M, /M,

e
e
e
‘e
.
e
‘.
.

‘e
e
.
e
e
.
e
.
e
.
e
e
.
.

probe much deeper

.
.,
.
e
. .
.....
. . .
. . .
. . .
. . .
.....
: 2

10° 10° 100 10 10%Y
Relative strength of dark force o/ /(G Nmi)

. —20 :
Accretion bound /10 into parameter space

[Alexander et. al. 1808.05286]

Signal only possible with non-
standard production mechanism
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What About Dark Matter?

e Asymmetric DM endowed with an attractive long-range force

Radius of DM
core larger
similar to range
of new force

. SN\ s —— 1 DM core expelled
.......... N 4« | from neutron star

........................ . w_ Approximate
................... LIGO/VIRGO

_______ ' 7 sensitivity
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.,
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g ta,
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. e
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e
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probe much deeper
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.
«
Y .
e Y
. .
. .
. .
0 .
. .
. N
3 2

Accretion bound 7020

into parameter space

100
[Alexander et. al. 1808.05286]

Relative strength of dark force o/ /(G Nmi)

Signal Only POSSibIe with non- DM core collapses to
standard production mechanism black hole
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Muons in Neutron Stars

® Neutrons produced during stellar collapse: p+e¢~ > n+vu,

e f-equilibrium ensures neutron stability via abundance
of proi'ons & electrons [Dror, Laha, Opferkuch 1909.12845]

g 2.0 cold non-rotating, :Pulsar
® Electron Fermi energy - non-accreting NSs 1074046620
Z -
increases allowing: i 1.5 -
n—>p+u +7, E
o -
- — 77 = - : BSk24
e > U + v, + U, § 1.0 !
® Pauli-blocking dueto ;
. . < _
high electron density = °° _—
. = __—_:.‘..’--’-"‘: _____ /’
forbids muon decay = Eomesrmllo———o " pig
27 z 0.0 | | | | : |
Over 10 I<g worth 1.00 125 150 1.75 200 225 2.50

, , Neutron Star Mass Mns [Mg]
Of Sfable muons [NS equations of state taken from Pearson et. al. 1903.04981]
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Gravitational Waveform

® Expanding to linear order in a and f:

~ _ 57T 5/6M —7/6
h(f)=— 24GN Deﬁ(wj\/lf) X
G 3% 2/3 m f —iW
{APN 3C’(:z:) oF —(mGymf) '~ 6 (mv 1)|e
ith = Tyl /3
Wi U =27 ftyg — 2¢¢ 1 193 (WGNMf)
phase: 20cx 5y f
i 7 2/3
|: 2 Fg( ) 34 (WGNmf) © (mv 1>:| + \IJPN
and
Fy(z) = 180+180x+6if2+16x3+2x4) o Zg/geﬁ( J7)

C(az)z(1+x—2x2)e_x m = mi + ma
x = G}\{Sm mv(wmf)_2/3 M = M3/5(m1 + m2)2/5
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Additional

energy loss:

(Ev)

(Eaw)

2
_ 2 /12 1 —e
gy (my,€) = E 2n° | 7, " (ne) + —5—
€
n>ngo
2 2
ng 1 ng
X ) 52
n 2n
my/ P b
nog —
2T
Pulsar Py(day) pint ) pGR e M[Mg] My[Mg)]
B1913416(NS) 0.323 0.9983 +£0.0016 0.617 1.438 1.390
J0737-3039(P) 0.102 1.003 £ 0.014 0.088 1.3381 1.2489
J0437-4715(WD) 5.74 1.0£0.1 0.00 1.58 0.236
B1534+12(NS) 0.421 0.91 £0.06 0.274 1.3452 1.333
B1259-63(0) 1240 1.0+ 0.5 0.870 1.4 20
J0348+0432(WD) 0.102 1.05 4+ 0.18 0.00 2.01 0.172
J1141-6545(WD) 0.198 1.04 4+ 0.06 0.172 1.27 1.02
J1738+0333(WD) 0.355 0.94 £0.13 0.00 1.46 0.19
J1756-2251(NS) 0.320 1.08 +0.03 0.181 1.341 1.230
J1906+0746(NS) 0.166 1.01 +0.05 0.085 1.291 1.322
B21274+11C(NS) 0.335 1.00 £ 0.03 0.681 1.358 1.354

Pulsar Constraints

2/3
b gy (my, €) P,
12 JGRr (6 ) 21wl NN
2
Ty (ne)
Wavelength A [km]
1012 1010 108
10—16 - ] ] ]
E % B2127+11C
1017 4 7 = /
> o [J19060746/] J073fr-3039
80 B1534+12
S 1018 _ S—— 2
AR | Tuimseosst
g ) /} J1¥/A1-6545
O .
S 107" gl
= v J0348+0432
P 20 [ oy ) rastoas:
; optimistic p-content
!l pessimistic pu-content
10_21 LI | LY | LY | LA | L L
10722 1072t 10720 1071 10718 10717

Vector boson mass my [eV]
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NS—NS Mergers

Wavelength A [km]

10° 104 107
10—18 I I
10719 -
S
=1
= 10729 4 " NS-NS merger
%‘ (dipole radiatior}) A
c 1. . - i
) 10—21 - pessimisitic pu-fraction |
bO - ,’—\\ 7 ()
= e 1 /,/ )
S Toptimistic p-Fraction " g
—22 L, g
].O 3 \, CS
; aLIGO v =
1 --- ET-D 2
_ N
10 23 BELELELLLLL BEELLELLLLLL L ELLLLLL DL ELALLLLL BLLELLLLLL L LLL |
1017 10-%° 10—13 1071
Vector boson mass my [eV]
Parameters:

low spin m; = 1.46 M
Deg = 40 Mpe m2 = 127M@

Future Constraints on Gauged [, — L,

NS—BH Mergers

Wavelength A [km]

109 104 102
- ] ] I ]
] —— aLIGO |
1 --- ET-D |
i
_ A
4 NS-BH merger / .,,",'

(dipole radiation) 7

/
/'/ '//I /
L S E N ./' /I,’ Il
\ REANS
T ————— A\ 4
g s
<777 2
[pessimisitic p-fraction ,/'/ S
o i ———— !
Joptimistic u-fraction \‘\ S o
m “\v// // éj
\ 7 Q.
’ 5
1 1 ||||||I 1 1 ||||||I 1 LI IIII 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 IIIIIq
10~ 101 10-1 10~

Vector boson mass my [eV]
[Dror, Laha, Opferkuch 1909.12845]
low spin m; = 1.46 M,
Deff = 40 MpC mo — 5M@
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Constraints on Gauged L, — [,

® Energy enhanced processes o &Iy,
: Xﬂvy U — QUV
below neutrino masses: My
10_2 \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI YHHWI YHHWI YHHWI YHHWI YHHWI [H“mr YHHWI T II IHIHH HWI
104 E [Dror 2004.04750]
ANeﬁ’ oo .
_10°° ' e Additional constraints
2 108 ANeq(Try > m,) in the mass-mixed case
20 2D I
E 10710 2y ,&ﬂ’ )OL [Heeck, Rodejohann 1007.2655]
’_Q“ 10712 w2 >\ [Davoudiasl, Lee, Marciano
- y - 1102.5352]
o 10 \)’{\X
O 10-16 @(A{\ﬂ .
& P ® Stringent N
10_18 Vo .
?6 . constraints for
5 10720 NS binaries ) Y
o = 9 my>1e
¢ ¢ L,— L
1024 T T (I%irad [Kamada,Yu 1504.00711]
10_26 \HHHI \\HHHI \HHH\I \\HHHI \\Hﬁﬁ HHH\I \\HHHI \\HHHI \\HHHI \\HHHI \\Hﬁl \HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI \\HHHI [ESCUderO, ef. a’ 1901.02010]

10722 107 10°® 107 107 107* 107 10°® 10® 10* 107% 10"
Vector boson mass my [eV]
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Non-minimally Coupled Scalars

[L. H. Ford 87]

Energy-momentum tensor of a 1

15, = 0,60, — g ( 390,000~ V(0))

non-minimally coupled scalar 2
oye . : o 2
contains additional pieces NMC picces: +8(Gpw + G VIV = ViV, )0

Pressure and energy density for a perfect fluid become
1. .
po = 56°+V(6) + & (3H?6” + 6Hoo )

po= 5 = V(6) + 3¢ [w + 26(1 — 3u)] B2

+2¢ (Vo + Hog — 6*)
Using EoM and and neglecting bare potential:

it _ SE[Y Hw(l 4y — 68) 4 2¢] — 37°(4€ — D(1 + w)”
s 8¢ + 3v(1 + w) (v + wy + 8€)
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Energy Extraction by the Reheaton

Energy-momentum tensor of a non-minimally coupled scalar

contains additional pieces changing the initial EoS

ini 8¢ §=3/2 ini
wy (w=1)=1- 5 wy (w=1) < -1

This tachyonic growth turned off when field is turned by the quartic

b=0
IS
A= py = 701 +3¢H )
27¢%
~ (1 —1 H*.
(14 w) (3w — )= H,
Hy ~ Huin
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Reheaton Dynamics

Consider the evolution of the &k < a.H. modes of the reheaton:

1.) Fluctuations from inflation give

an initial displacement and velocity

Reheaton potential Veg (o)
-
x
|
* R
&
B
x

: H, | H,
~ ﬁ ¢* — < §> A g 3.
12¢H
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Reheaton Dynamics

Consider the evolution of the &k < a.H. modes of the reheaton:

2.) Field begins to roll Reheaton equation of motion

off local maximum ¢ 3Hq5 — £Rp ~ ()

with solution

where

v = VEBw —1)/3, 7. = /126/3

Reheaton potential Veg (o)

¢ controls how fast field rolls
o(t) oc HVE

Remember H is monotonically decreasing!
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Reheaton Dynamics

Consider the evolution of the &k < a.H. modes of the reheaton:

S I 0V (To o Yo el YT Ve [-X S (fe 1y Te |\ Potential hill decreases as

as a function of time (Hubble 2
( | AVer = —%(3?0 - 1)°H"

Field rolls faster to the

—E—
e —

minimum than the minimum

approaches the field if

Reheaton potential Veg (o)

Important consequences
for energy extraction
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Reheaton Dynamics

Consider the evolution of the &k < a.H. modes of the reheaton:

4.) Field reaches the minimum

Reheaton potential Vog(¢)

¢min — Hmin (

3¢(Bw—1)

A

)1/2

Solving
¢min = H (

3¢(3w — 1))”2

. L 6(1)

The Hubble time to the minimum is:

Hmin a
()"~ i

_9 For £, w ~ O(1)
Hmin ~ 1077 H, and 107° < XA <1072

and

AV.g reduced by a factor 10°
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Reheaton Dynamics

Consider the evolution of the &k < a.H. modes of the reheaton:

5.) Field is turned by the Potential hill decreases by the

time the field reaches it again

quartic coupling

— oscillates around the quartic
— (wg) = 1/3 (radiation)

Rad. scaling continues until:

® Bare mass becomes relevant

® Reheaton decays

Reheaton potential Vog(¢)

Tracking the EoS scaling

important for GW signal
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Energy Extraction by the Reheaton

Significant growth in energy density through displacing the field

Reheaton potential Vog (o)

Large ¢ gives large field

displacements

Field value ¢

Alternatively
6+ 3Ho +V'(¢) = (3w — 1)

—

Pinf
az?

—

—_—

Inflaton energy density acts as

a source for the reheaton

\

\

A
po = J0" + BCH

Field value ¢
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2 -
1 - ¢/H, x 1072

5 0\
0 ,

5 \
HQ::) '
~ 1 -

_— o/ H? x 1073

\J
_ 3 - Vet
—4 | | |
0.0 0.5 1.0 1.5 2.0

Number of e-folds NV
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Reheating Constraints

Iwo options:

® Reheating after reheaton-kination equality

1/4
90
T“gRrRH \ Reheaton decay width determines reheating

(exactly the same as textbook reheating case)

® Reheating at reheaton-kination equality

Hubble at reheaton-kination equality

For remainder of this talk: consider this case
with only radiation scaling (m* < H;)
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Inflationary GW Background

[Review: C. Caprini and D. Figueroa 1801.04268]
Unavoidable stochastic background produced during de-Sitter period

_ 700 _ <hw (x, t)hw (x,1)) , .
pPew — dgogw — 393 For a Fourier transformed, statistically homogeneous,
TGN \itropic and unpolarised GW background

(. (e, T (g, 7)) = o

5(3)(k Q)(Srpp(k)

k3
Power spectrum is flat for perfect de-Sitter”
2 H2 *Deviations from perfect de-Sitter during
P(k) inflation lead to the observed spectral tilt in

@ M the CMB

Observable is the energy density fraction redshifted to today

1 dpcw k2
O (k) = ~
ow () pcdlogk — 12HZa?

517 (K, o) P (k)
\Trcmsfer function (redshifting & boundary
matching)
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Nets and Planck

GWs inside the horizon contribute to number of relativistic DOFs

4
8 (113 Q% . 0 df o
AN = - <Z) 00 with  Qaw = TQGW(f)
Y
*Nett is sensitive to total energy density
not just at a particular frequency

ANz < 0.284 at 95% C.L. (TT,TE,EE+lowE+lensing+BAO)
[Planck 2018]
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Detectability

Caveat:

10"° —rm————
.................. i 1012
.......... H, > Hrmaxi0tg
o * vV
N Lo 109@ .......
> 1013 4 109Gy, i eV ..
O b T
O | e e
S 2 I
~HUE B D
11 P LT R
) ].O P-O :D"': ............
— — 0 " 103 . T
an R & Q! Ge
O 5 I V ..
) o, Z: --------
- e T
S ey e
= e
av) |
q:: I
-
|

Non-minimal coupling &

Reducing A further

Increases 7xy

BUt ¢min = MP

— A>3 x 1071

— Tap < 6 x 10'° GeV
E=4dm,w=1 H, =6.6 X 1012 GeV



