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White Dwarfs as Dark Matter Detectors

WD + DM — SN

Dark matter can locally
heat white dwarfs, initiate
runaway fusion, and cause
supernovae. [Graham et al, ‘15]

WD Lifetime ~ Gyr

Collecting area
~ (10* km)” - Nwp




White Dwarfs as Dark Matter Detectors

SN 2011fe

This work: constrain a variety of
DM-SM interactions and DM
masses due to existence of WDs
and the observed SN rate.

Puzzles remain in observations
of Type la and other WD
transients.

It is possible that DM is
responsible for an O(1) fraction
of these events.



White Dwarfs as Dark Matter Detectors

SN 2011fe

How to Start Type la Supernovae
- SN energy threshold &,o0m

SN via DM-SM Scattering
- Elastic

- Inelastic (E.g., Q-balls)

SN via DM-DM Annihilation
and Decay

- Thermalization of SM Particles
- Elastic Capture of DM in WD

SN via Collapsing DM Cores
- Formation and Evolution

of DM Cores
- BH-induced SN
- Annihilation Burst SN



White Dwarfs as Dark Matter Detectors

How to Start Type la Supernovae
- SN energy threshold &,o0m




How to Start a Type la Supernova

Carbon Fusion

Coulomb Threshold
T>1MeV (&5

(ﬂ\’“{{ﬂ Energy Output
A~ 10 MeV

Detonation/Deflagration

Fusion heats stellar medium
faster than it can cool.

Degenerate medium —
negligible PdV cooling.

Thermal diffusion slows with
distance: Teool OC 12



How to Start a Type la Supernova

Carbon Fusion

Coulomb Threshold

T > 1 MeV f»;ff:g

1 "{K»’ﬁ‘}"'\)
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(_ﬂ{ﬁg‘{?ﬁ Energy Output
C@,’;ﬁ‘*@ ~ 10 MeV
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Detonation/Deflagration

Fusion heats stellar medium
faster than it can cool.

Degenerate medium —
negligible PdV cooling.

Thermal diffusion slows with
distance: Teool OC 12

Trigger Size

timescale for

(degenerate) electron ~u

or photon diffusion

timescale for carbon-

carbon fusion



How to Start a Type la Supernova

lgnition S <
Condition L Z Ar 1" 2 1MeV



How to Start a Type la Supernova

lgnition S <
Condition L Z Ar 1" 2 1MeV

A careful calculation (Timmes and Woosley 1992):

AT ~ 10_5 CIn Nion ~ 1032 CIH_S 138 M@

Ara~2-107% cm nion ~ 1030 cm=3 [0.85 M|



How to Start a Type la Supernova

lgnition S <
Condition L Z Ar 1" 2 1MeV

A careful calculation (Timmes and Woosley 1992):

AT ~ 10_5 CIn Nion ~ 1032 CIH_S 138 M@

Ara~2-107% cm nion ~ 1030 cm=3 [0.85 M|

Energy required to heat a volume

Trigger Energy /\% to a temperature of 1 MeV

Evoom ~ 1010 GeV  [1.38 M)

Eboom = 10?2 GeV  [0.85 M]




White Dwarfs as Dark Matter Detectors

SN via DM-SM Scattering
- Elastic

- Inelastic (E.g., Q-balls)




Scattering-induced SN

DM can locally heat a WD though elastic scattering of
DM and carbon ions. [Graham, RJ, Narayan, Rajendran, Riggins, 1805.07381]

X energy transfer

2
X per scatter ¥ 7 McVesc ™ 1 —10 MeV

€esC

energy transfer dFE
per distance

. . dE
Ignition Condition: EAT > gboom

Overburden (non-degenerate dE 2
envelope): ( dx )EIlV REHV S..« My Vesc



Scattering-induced SN Constraints
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Scattering-induced SN Constraints
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Q-ball Dark Matter

Q-Ball - Scalar condensate stabilized by a conserved charge
- Allowed if V' (¢) is sufficiently flat [Coleman, ‘85]
oo Q, M Stability
bl
/ % < m
determined lightest particle
by V () carrying Q-charge
For nearly flat potential and large Q: [Kusenko et al, 98]
R ~ 1 Q1/4 M ~ mSQ3/4 (ms - scalar mass)

T g

- stable for sufficiently large Q



Q-ball Dark Matter

Baryonic Q-ball Supersymmetric theories generically allow
(B-ball) B-balls composed of a squark condensate.

. 4
0 Q,M  Stabilty Q> 10 (f57ev )




Q-ball Dark Matter

Baryonic Q-ball
(B-ball)

®0 Q, M

Ny

"/

Supersymmetric theories generically allow
B-balls composed of a squark condensate.

- 4
ity Q > 10 15y

B-ball — Nucleon Interaction [Kusenko et al, ‘98]

Q-ball can absorb baryon number, but only
a small fraction of the nucleon’s energy:

dM ~ %d@ < My dQ

Excess energy must be emitted as pions.

db

Energy Deposit ar nionR%mc



Q-ball Dark Matter
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Q-ball Dark Matter

Local WD lifetime SN Rate / BHs
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Q-ball Dark Matter

Local WD lifetime SN Rate / BHs
/
ngaﬂ‘;SBH /

100

WD ppm~0.4 GeV/om?
100 — 104 GeV

favitational (1,205 M,)
10%} Dynamical
Heating

1030} TA

/ 1026 GGV

’ Super-K

102 10° 10* 10°
mgs (GeV)
Terrestrial Searches [Kusenko et al, ‘98] Unstable Q-balls



White Dwarfs as Dark Matter Detectors

SN via DM-DM Annihilation
and Decay

- Thermalization of SM Particles
- Elastic Capture of DM in WD

SN 2011fe




Decay and Annihilation-Induced SN

DM can locally heat a WD by decaying or annihilating

into high-energy SM particles.
[Graham, RJ, Narayan, Rajendran, Riggins, 1805.07381]

Decay Annihilation

Supernova occurs if SM secondaries satisfy ignition condition.



Particle Heating of White Dwarfs

We must verify that runaway fusion occurs due to thermalization
of SM secondaries.

If the SM products thermalize over a large distance L > Ar, then
the required ignition energy is parametrically larger than &,o0m

3
SN Threshold L
rergy Eboom - Min {1,, ATi|

Must compute stopping distances of SM particles in a WD



Particle Heating of White Dwarfs

We must verify that runaway fusion occurs due to thermalization
of SM secondaries.

If the SM products thermalize over a large distance L > Ar, then
the required ignition energy is parametrically larger than &,o0m

SN Threshold .
Energy Eboom + Min {1’ )\T}

Must compute stopping distances of SM particles in a WD

Photons, hadrons, low energy electrons (£ < 10% TeV)
Stop and thermalize within a trigger size.

High energy electrons (F > 10? TeV ) and neutrinos:
Stop over a distance > Ar, and then thermalize within a trigger size.

[Graham, RJ, Narayan, Rajendran, Riggins, 1805.07381]



Decay and Annihilation-Induced SN

DM can locally heat a WD by decaying or annihilating

into high-energy SM particles.
[Graham, RJ, Narayan, Rajendran, Riggins, 1805.07381]

Decay Annihilation

lgnition Condition: 1M, > Ehoom

(assuming SM products are primarily photons and hadrons)

SN rate enhanced if DM is captured



Elastic Capture of Dark Matter

X Ca pture Ngc ~ ﬂ*iongxchd
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Elastic Capture of Dark Matter
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Decay of Captured Dark Matter

Demand Twq > 1 G}-’I‘ for local WDs (with 0y = 10730 (21112)



Decay of Captured Dark Matter
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Decay of Captured Dark Matter

Ty (Gyr)

Demand Twq > 1 Gyl” forlocal WDs (with 0y = 10~V (31112)
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White Dwarfs as Dark Matter Detectors

SN via Collapsing DM Cores
- Formation and Evolution

s 71 = of DM Cores
| - BH-induced SN
- Annihilation Burst SN




Elastic Capture of Dark Matter
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Evolution of Dark Matter Core

Collection ;
A{SQ ~ PwdTtp

Mg

Time teollect ™ My T
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Gravitational Collapse
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1/2
oy ~ (GMSE) /

T

Black Hole, Annihilation,
or Stable Core




Dark Matter Black Holes in White Dwarfs

Formation of BHs from DM cores  [Kouvaris & Tinyakov, ‘10, ‘12]

50 -

Mpy = ﬂ{Ch, Fermi
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BH-induced Supernovae

Dynamical Heating
(gravitational acceleration)

(> @&

Hawking Radiation

Mputaig > Evoom Clpuiy > 1 MeV
T~ diffusion time
Mgy [Gev] 104 104
< | i >
Hawking SN i i Dynamical SN

[RJ, Narayan, Riggins, in preparation]



BI-

-induced Supernovae

Evolution of BHs in White Dwarfs [Kouvaris & Tinyakov, ‘10]
Evaporation Accretion
- _ 2 - w 2

M ~ 107 (557) M ~ 28 (GM)” + myTeap

Hawking Bondi accretion Accretion of

radiation of stellar medium infalling DM

Mgy [Gev] 103 1043

< | i >
Hawking SN i i Dynamical SN

[RJ, Narayan, Riggins, in preparation]



BI-

-induced Supernovae

Evolution of BHs in White Dwarfs [Kouvaris & Tinyakov, ‘10]
Evaporation Accretion
' _ 2 ' w 2

j\/{ N 10 4 ( ;}pbf) j\'{ ~ l%f;:j (GI\’{) + mxrcap

Hawking Bondi accretion Accretion of

radiation of stellar medium infalling DM

— Mcrit ~ 1036 GeV
Mgy [Gev] 10 107 1043

< ! : i >
Hawking SN i BH evaporates BH grows i Dynamical SN

All BHs that form in a WD will lead to SN.

[RJ, Narayan, Riggins, in preparation]



DM Core — BH-induced Supernovae

Demand Ty,q > 1 Gyr forlocal WDs (Fermion DM)
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Gravitational Collapse with Annihilations

(D)=

DM core “bursts” into SM particles at a radius Ty,
at which the annihilation rate exceeds the collapse F'yxteollapse 2 1
timescale

Effective Msg : 3
Energy Deposit ey (mxrg ) FXX - Min [TXX? AT]  Tdiff

XX
annihilation rate effective fusion
per volume volume

Effective energy deposit Increases for decreasing Ty

[RJ, Narayan, Riggins, in preparation]



Captured DM -> Annihilation Constraints

Demand 7y, > 1 Gyr for local WDs (with0 'y = 1036 ch)

107%°F  XENONH T/\
-50 | Inj
10 Mg/ Esti’”ate
Core does Annihilation Burst SN
—_ 10-60_
. not collapse
E . .
S 1o within - 74 Core annihilations
b§ are not explosive.
10780+
1070+
BH-induced SN
10-100 I3 I5 7 IQ I11 I13 I15
10 10 10 10 10 10 10

m, (GeV) [RJ, Narayan, Riggins, in preparation]



White Dwarfs as Dark Matter Detectors

Dark matter interactions can locally heat white dwarfs,
initiate runaway fusion, and cause (type la) supernovae.




White Dwarfs as Dark Matter Detectors

Dark matter interactions can locally heat white dwarfs,
initiate runaway fusion, and cause (type la) supernovae.

New Type la SN mechanisms:
- SM particles heat WD by scattering
- BHs in a WD will heat via Hawking
radiation or gravitational acceleration.

Constrain DM that produces SM
particles or leads to BH formation:
- Probes terrestrially inaccessible DM
- Severe constraints for captured DM
- New constraints via BH formation
and annihilation bursts

Puzzles remain in Type la observations. It is possible that DM is
responsible for an O(1) fraction of observed WD transients.



White Dwarfs as Dark Matter Detectors

Extra Slides



Particle Heating of White Dwarfs

Explo.si.on L> M\ T > 1 MeV
Condition ™~ ~
Degenerate Teoo] ~ a’m? ) L2
COO T

Electron Diffusion

1/2
(m.T) / () - energy released
ﬂionﬂ'ccQ per reaction

Carbon-Carbon Theat ™~
Fusion

Nion ~ 1072 ecm ™ [1.38 M| »
T ~ 1 MeV = Ar ~ 1077 cm



How to Start a Type la Supernova

Explosion L> M\ T > 1 MeV
Condition ~ ~

timescale for carbon-
carbon fusion — AT

timescale for
(degenerate) electron ~u
or photon diffusion

A careful calculation (Timmes and Woosley 1992):

032 3

A\ & 10~ cm Nion ~ 10°% cm™

[1.38 M@] Trigger size
decreases for larger

stellar masses
AT ~ 2 - 10_3 CIn Nion ~ 10%Y cm 3
[0.85 M@]



How to Start a Type la Supernova

Condition

1023 L

1022 L

1021 L

1u2ﬂ L

Eboom (GeV)

1017 L

1016 L

1015 L

Trigger Energy &1oom

1019 L

1013 L

White Dwarf Mass (M@}

Explosion L> \r T > 1 MeV

Energy required to heat a volume
/\% to a temperature of 1 MeV

Eboom N 1010 GeV
1.38 M,

Eboom =~ 1072 GeV
0.85 M,



Particle Stopping in White Dwarfs

Incident Hadrons Nion ~ 1032 cm 3
1.38 Mg)]
nf nf p
st &3

_Energy [MeV] 10 Time
Hadronic Shower Nuclear Elastic Heating
Oinel ~ 0.1 bn gel ~ 1 bn
A~ 1077 ¢m A~107% cm

5 1/2
L ~ A log (53ev) LN(EE) A

Hadrons thermalize within a trigger size.



Particle Stopping in White Dwarfs

Incident electrons and photons (high energy) nion ~ 1032 cm—3
mn, an m, n,p {1.38 M@}

e _____:___-'_7_'_#

Energy [MeV] 10° P Time

Electronuclear Shower Photonuclear Shower

2
dz&: ™~ %Jinel IyA ™~ A Tinel

L~10%cm - log (1(]?%{6\?) L~ 10" ecm

High energy €, ") thermalize between )\T and 100 /\T



Particle Stopping in White Dwarfs

Incident electrons and photons (low energy) nion ~ 1032 cm =3
\ 1.38 M)

Energy [MeV] 100 Time
EM Showers Electron-lon Coulomb Scattering
~ 106 _E _\1/2 E? 9 E _\2
L ~ 107 em (1) A~ ez ~ 10 em (T35ev)
— 1/2
LPM suppression: decoherence I ~ ( 1 mc) \
due to multiple ion interactions [Klein, ‘99] logA E

Low-energy electrons and photons thermalize within a trigger size.



Landau-Pomeranchuk-Midgal Effect

For large target densities and high incident energy, bremsstrahlung
radiation is suppressed due to multiple-scattering interactions.

Semi-classical calculations (Klein 1999) including multiple-scattering
find a scale 4

and a suppression factor
df _ (@) . ( ZLpm /2
dx dz /) single E

For sufficiently large incident energies, LPM will cause radiative EM
showers to give way to hadronic showers as the dominant stopping
mechanism for electrons and photons.



Particle Stopping in White Dwarfs

Incident electrons and photons (low energy) nion ~ 1032 cm =3
v\ [138 M@}

'|
V—s s s; |

VAV VooV, w._;m e
{_U.-\_/r'\f< Un" _U"k C)\e ‘\
! LY

Energy [MeV] 1[I]D / Time

Electron-lon Coulomb Scatters /

E~10MeV = £~ Q,

E <10 MeV  phonon production

E > 10 MeV  freeion scattering



Particle Stopping in White Dwarfs

Incident electrons and photons (low energy) nion ~ 1032 cm =3

Energy [MeV] 1[I]D / Time
Electron-lon Phonon Production E < 10 MeV /

1/2 1/2
1 _E —6 E
Lpn ~ (logﬁ Qp) Aph ~ 107° em (15yey )



Particle Stopping in White Dwarfs

Incident electrons and photons (low energy) nion ~ 1032 cm =3

Energy [MeV] 1[I]D / Time
Electron-lon Free Coulomb E 2 10 MeV /

E? —T(_E \?
Afree ™ Nion2 22 10 (10 MeV) cm

1/2 3/2
1 M. _6 E /
Lffee ~ (10gﬁ E) Afree ~ 10 C1n (10 MeV)

Low energy electrons and photons stop below the trigger size.



Particle Stopping in White Dwarfs

Stopping Lengths, A (1 0-° cm)
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Particle Stopping in White Dwarfs

Incident Electrons and Photons njon ~ 1032 cm™3  [1.38 M)

104 —
1000 = - _
@
3 el
m (5‘(\0@/
— 5 e\\\\ ~-
5 100: 2 2 i
9 - <
o C
< i
%) -
£ 10 ~ Photonuclear _
o = o
G C =
< -
= C
c L
g
Q 1 -
) F
0.10
0.01— ‘ : ' : ' ' |
10 1000 109 107

Kinetic Energy, € (MeV)



Constraints on DM-induced SN

Explosion Condition: SM Energy ~, [Graham et al, “15]

Deposit ~v gb oom

Heaviest stars give the best constraint:
RX J0648.04418 (and 16 others) A ~ 1.25Mg, [Kleinman et al, ‘13]

From DM Interactions Observed

WD Lifetime Twd Twd > 1 Gyr

[DeGennaro et al, ‘07]

SNRate QY  [dM f(M) 7o+ Ty < 0.3(100 yr)™

Integrate over all WDs that can be ignited, [Van Den Berg, ‘91]
and which produce visible SN.

~

M > 0.85 M, required to yield a visible amount of *Ni [Sim et al, ‘10]




Decay-induced SN Constraints

Cosmic RE\JV [O(1) decay products] / Local WD lifetime

1014 |

102k (galactic center WD lifetime)
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108 |
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SN Rate  CMB (ISW) [Poulinetal,a6] CMB (ionization) [Slatyer & Wu, ‘16]




Scattering-induced SN Constraints

Scattering Explosion Condition
(dE )\t 2 gbc-c:-m

dx ) interior

dE
\ (_ Renv Sx mxvgsc

dx )env

WD Lifetime T4 ~ D'transit

Elastic Scattering

TF )
dE , 9 One > —E—)\
(E)mtermr ™~ NijonT xc - MecUege XC Ve 1
— Oxc 1
2 M~ < Renvnenvme

dE
(d_)emr ~ TenvOyxc - McUgge
[C — He] Repv 10—2 Nepv 10_3
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Annihilation-induced SN Constraints

/Cluster Collisions
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Elastic Capture of Dark Matter

Capture and Collection Timescales

_ 9\ 3/2
3/9 36 2
b1 ~ 100 yr (lolTéev) / (10 inm )

—36 —2
t2 ~ 100 yr (ro-giay) (10 . )

7 m 1/2 (10—36 cm—2
tsg ~ 107 y1 (gm0 ) ( Oxe )

~ Vion 1
tCDHELpSE tQ Max|vion,vx] log(my /mion) < tQ

Core Radius

1/2
1010 GeV
?“thwl(](]cm( —= )
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Annihilations of Captured DM

Demand Twd > 1 G}-’I‘ for local WDs (with oy = 10~ (:11112)

1 0-35

10740} Infalling DM: Tipfan t2 > 1

10745}

100}

10755}

Sboom (1 .25 MO)

1 0-60 L

2
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BH-induced Supernovae Constraints
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Q-ball Dark Matter

Local WD lifetime SN Rate  Galactic Center WD lifetime
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