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It is possible to learn something fundamental from astrophysical data.

It has happened in the past




It is possible to learn something fundamental from astrophysical data.

Expansion, initial conditions




It is possible to learn something fundamental from astrophysical data.
QFT works




w2 s eyl

Neutrino Flux at Earth (cr

It is possible to learn something fundamental from astrophysical data.

The Standard Model is wrong
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It is possible to learn something fundamental from astrophysical data.

GR works
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It is possible to learn something fundamental from astrophysical data.

Vacuum energy
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It is possible to learn something fundamental from astrophysical data.

Baryonic matter is not enough
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It is possible to learn something fundamental from astrophysical data.
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Example: The solar neutrino problem

Case was closed when astro uncertainties were addressed from first principles:

- Low energy deficit (Homestake) — T uncertainty?

- But neutrino emissivity strong function of T.

Smaller deficit at higher energy (Kamiokande)

= real anomaly

Bahcall & Bethe, PRD47 (1993) 1298-1301
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Example: The solar neutrino problem

Case was closed when astro uncertainties were addressed from first principles:

- Low energy deficit (Homestake) — T uncertainty?
- But neutrino emissivity strong function of T.
Smaller deficit at higher energy (Kamiokande)

= real anomaly
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Here’s the plan

Session | (today):

Some progress & prospects

Session ll-llI;

Cosmic rays: are 300GeV CR e+ coming from dark matter?

Session |V:

IceCube’s neutrinos: what will they teach us?

Session V:

Precision cosmology: lessons for dark matter




Here’s the plan

Session | (today):



Here’s the plan

Session | (today):

Small-scale anomalies for ACDM? — some expected observational progress

* On the search for WIMPs — an ultimate target?

« Axions and the like — pure gravity; oscillating constants, redshifting chiral
Lagrangian; revisiting some astrophysical arguments

« AMSO02 and the positron puzzle; IceCube’s neutrinos; Cosmology (if time)



Small scale problems of collisionless cold dark matter?

Shortage of observed satellite galaxies compared

to ACDM? Bad slope of mass function?

e.g. Kravstov, Adv.Astron. 2010 (2010) 281913
Weinberg et al, 1306.0913 (PNAS, 112, 12249)

Many models suggested to extend ACDM
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Small scale problems of collisionless cold dark matter?

Shortage of observed satellite galaxies compared

to ACDM? Bad slope of mass function?

e.g. Kravstov, Adv.Astron. 2010 (2010) 281913 100
Weinberg et al, 1306.0913 (PNAS, 112, 12249)

More new dwarf galaxies detected

Koposov et al, ApJ. 805 (2015) no.2, 130
Abbott et al (DES), 1601.00329

But versions of problem seem to remain.
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Complicated by baryonic physics
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e.g. Governato, MNRAS. 448 (2015) 792 V... (km/s)

Kravstov, Adv.Astron. 2010 (2010) 281913
Weinberg et al, 1306.0913 (PNAS, 112, 12249)

Little first-principle control (contrast to linear cosmology, session V)

Progress in observational methods



Warm DM vs. Ly-alpha forest

I _«— H emission from quasar

/ H absorption :

Assuming thermal relic:
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Baur et al, JCAP 1502 (2015) no.02, 045
Palanque-Delabrouille et al, JCAP 1511 (2015) no.11, 011
Viel et al, PRD88 (2013) 043502

Seljak, Makarov, McDonald, PRL 97 (2006) 191303
McDonald et al, ApJ. 635 (2005) 761-783



Strongly lensed dusty galaxies (ALMA)

Hezaveh et al 1601.01388
Inoue et al, MNRAS 457 (2016) 2936
Vegetti et al, MNRAS 442 (2014) no.3, 2017-2035

Dalal & Kochanek, ApJ. 572 (2002) 25-33

Mock w/out subhalo

:
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Kinematical heating of stellar streams (GAIA, LSST)

Bovy, PRL. 116 (2016) no.12, 121301

Erkal & Belokurov, MNRAS 454, 3542 (2015)
Johnston, Spergel, Hayden, ApJ 570, 656 (2002)
Ibata et al, MNRAS 332,915 (2002)

Carlberg, ApJ. 748, 20 (2012)
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On the search for WIMPs.




On the search for WIMPs.

Take a slightly non-orthodox way, will allow us to glance state of the art + future

Some recent reviews:

Bringmann & Weniger, Phys.Dark Univ. 1 (2012) 194-217
Klasen, Pohl, Sigl, Prog.Part.Nucl.Phys. 85 (2015) 1-32
Baudis, J.Phys. G43 (2016) no.4, 044001

Lisanti, 1603.03797




We've been looking for WIMPs for a long time.

Direct and indirect searches achieve impressive sensitivity.

Ahnen et al, JCAP 1602 (2016) no.02, 039

-21 y-21
@*1 0 @1 0
B —_ s o -
e bb “.  All dSphs £ W'W . All dSphs p
SN0 F R SHRREEEIES 1 So= A
=} =}
A A
> >
\91 0B \O/ 102
° °
BN BN
0 0
[} [
10724 1072
e D0 Gl 107
10°% o S SR 1O B B
m— Fermi-LAT+MAGIC Segue 1 m—— Fermi-LAT+MAGIC Segue 1
1ol 7 ro median - === MAGIC Segue 1 gl T Homedian = === MAGIC Segue 1
H, 68% containment == = Formi-LAT H, 68% containment == = Formi-LAT
102 H, 95% containment . —. Thermal relic cross section 102 H, 95% containment . —. Thermal relic cross section
Lol L LIl il IIIIIIII il IIIIIIII Lo L L Ll Ll L LIl il IIIIIIII il IIIIIIII Lol L LIl
10? 10° 10* 10° 107 10° 10* 10°
My [GeV]) mpy [GeV])
—10-2 —10-21
310 7 m&,w 7
e ™ AlldSphs £ W All dSphs /
022 Tio22b— s
=2 10 =210
é A
>
o] e} ~
V423 VigBhbooonns
0\01 0 o\01 0
0 0
=} =
10,2A 10724 ,,,,,
1072 102 4 ,,,,,
10—26 10-26 ,,,,,,
= Fermi-LAT+MAGIC Segue 1 e Fermi-LAT+MAGIC Segue 1
1027 -+ H, median = === MAGIC Segue 1 102 -+ H, median = === MAGIC Segue 1
H, 68% containment == = Formi-LAT H, 68% containment == = Formi-LAT
0% H, 95% containment . —. Thermal relic cross section 105 H, 95% containment . —. Thermal relic cross section
Lol L LIl il IIIIIIII Lo L L Ll Lo L L Ll Ll L LIl il IIIIIIII il IIIIIIII Lol L LIl
10? 10° 10* 10° 102 10° 10* 10°

mpy, [GeV]) mpy, [GeV])



We’ve been looking for WIMPs for a long time.

Direct and indirect searches achieve impressive sensitivity.
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We’ve been looking for WIMPs for a long time.

What does it mean?
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Example for what it means:

WIMP DM with tree level Z exchange would be here
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As we’re making these beautiful experiments, it is interesting to point out generic
implications of the results.
This also helps to identify well-defined goals.

Next: point out one such generic goal
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Recall the WIMP story, simple thermal history
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WIMPs and partial-wave unitarity
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WIMPs and partial-wave unitarity Il
Direct detection experiments assume WIMP = DM

...Assume WIMP mass density to compute
event rate per unit target mass:

Pdm — Pdm, here ™ 0.3 GGV/CH’I3
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WIMPs and partial-wave unitarity Il

Direct detection experiments assume WIMP = DM to plot sensitivity curves.

So, unitarity implies:

R 2 PyONVG 2 pdman@( M )2
X

= >
ﬁ MmN ﬁ MmN 110 TeV

(actual bulk of DM can be something else. Could be axions for all we care)

=>» can put this on direct detection sensitivity plot



We’ve been looking for WIMPs for a long time.

What does it mean?
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We’ve been looking for WIMPs for a long time.

What does it mean?

There cannot be any heavy thermal relic with tree-level Z exchange
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Application to indirect detection is, in some sense, more obvious:
relate annihilation to annihilation

But in other respects less general:
p-wave, Sommerfeld suppression,... would spoil it
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Unitarity: flux lower limit on sensitivity plot of CTA.

(can we figure out the backgrounds well enough?)

<C V> [cmsls]

B canonical WIMP

CTA 500h GC (yx——>17)
=== CTA 500h GC (xy——>WW)
— unitarity lower limit for thermal relic
— unitarity upper limit (non thermal relic)

Kamionkowski &

Griest (1990)

minimum annihilation
bound (this work)

mX [GeV]

CTA estimate: Wood et al, 1305.0302
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Axions and ultra-light fields



Axions and ultra-light fields

Strong CP?
Self-organised criticality?

Dark matter?

Graham, Kaplan, Rajendran, PRL. 115 (2015) no.22, 221801
Batell, Giudice, McCullough, JHEP 1512 (2015) 162



Axions and ultra-light fields

An ultra-light bosonic field could play the role of dark matter

Recently, regarding small scale issues, e.g.
Calabrese & Spergel, 1603.07321

Marsh & Pop, MNRAS. 451 (2015) no.3, 2479-2492
Schive et al, ApJ. 818 (2016) no.1, 89



Axions and ultra-light fields

An ultra-light bosonic field could play the role of dark matter

Can we detect it w/ gravity alone?
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Axions and ultra-light fields

An ultra-light bosonic field could play the role of dark matter

Can we detect it w/ gravity alone?
Khmelnitsky & Rubakov, JCAP 1402 (2014) 019
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Axions and ultra-light fields

An ultra-light bosonic field could play the role of dark matter

Can we detect it w/ gravity alone?
Khmelnitsky & Rubakov, JCAP 1402 (2014) 019
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Axions and ultra-light fields

An axion coupled to QCD and playing dark matter induces oscillating nEDM

Graham & Rajendran, PRD88 (2013) 035023
Budker et al, PRX4 (2014) no.2, 021030
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Axions and ultra-light fields

An axion coupled to QCD and playing dark matter induces chiral Lagrangian
operators that redshift up in the Early Universe
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Axions and other light fields — comment on some astrophysical bounds

Neutrino burst of core-collapse SN1987A traditionally used to set a bound on axions
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Axions and other light fields — comment on some astrophysical bounds

Neutrino burst of core-collapse SN1987A traditionally used to set a bound on axions
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Axions and other light fields — comment on some astrophysical bounds

Neutrino burst of core-collapse SN1987A traditionally used to set a bound on axions

Do we understand CCSNe well enough?
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A Simple Model for Neutrino Cooling
of the Large Magellanic Cloud Supernova

D. N. SperGeL, T. PmAN, A. L()EB_.,* I. GOODMAN, J. N. BAHCALL

A simplified analytic model of a cooling hot necutron star, motivated by detailed
computer calculations, describes well the neutrinos detected from the recent supernova
in the Large Magellanic Cloud. The observations do not requu'e explanations that
invoke exotic physics or complicated astrophysms The paramcters in this snmple model
are not severely constrained: 6.13¢ X 10°? ergs emitted in clcctron antineutrinos, a
peak temperature of 4.27§3 megaelccu'on volts, a radius of 27*}7 kilometers, and a
cooling time of 4.52}:] seconds.

The fluences and temperatures inferred
from the neutrino observations were con-
sistent with pre-supernova expectations (6,
7). However, there is one unexpected fea-

o~ ture of the LMC supernova neutrino data:

:Z the 7.3-second gap between the first eight

w5l I and last three events in the Kamiokande II
% 30 l _
2 o5} ﬁ |
R 20 | < I j> } i
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Prog. Theor. Phys. Vdi. 79, No. 4, April 1988, Progress Letters
Statistical Analysis of the Neutrino Burst from SN1987A

Hideyuki SUZUKI and Katsuhiko SATO

Department of Physics, University of Tokyo, Tokyo 113

(Received January 19, 1988)
/
In order to clarify whether the Kamiokande data of the neutrino burst from SN1987A are
explained by the “standard” cooling model of the supernova cores, we calculated the probability that
the last three events are observed after a 7 second gap. It is obtained that the probability is at most

2%.
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THE ASTROPHYSICAL JOURNAL, 730:70 (20pp), 2011 April 1 doi:10.1088/0004-637
© 2011. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

BLACK HOLE FORMATION IN FAILING CORE-COLLAPSE SUPERNOVAE

EVAN O’CONNOR AND CHRISTIAN D. OTT
TAPIR, Mailcode 350-17, California Institute of Technology, Pasadena, CA 91125, USA; evanoc @tapir.caltech.edu, cott@tapir.caltech.edu
Received 2010 October 26, accepted 2011 January 10; published 2011 March 7
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Collapse-induced thermonuclear explosion (CITE):
Kushnir, 1506.02655

Kushnir, 1502.03111

Kushnir & Katz, ApJ. 811 (2015) no.2, 97
Burbidge et al, Rev. Mod. Phys. 29, 547 (1957)
Hoyle & Fowler, ApJ 132, 565 (1960)

Fowler & Hoyle, ApJS 9, 201 (1964)



Neutrino burst of core-collapse SN1987A traditionally used to set a bound on axions

Do we understand CCSNe well enough?

Stay tuned for searches for diffuse CCSNe background.
If we're lucky a Galactic CCSNe

Li, et al, Int.J.Mod.Phys.Conf.Ser. 31 (2014) 1460300 (JUNO)



IceCube’s neutrinos
(session V)




IceCube’s neutrinos vs. UHECR
(session V)
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Cosmic ray antimatter




Cosmic ray antimatter

PAMELA (2009) positron anomaly?
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PAMELA (2009)
Despite many claims in the literature: consistent with known constraints.

(session lI-lII)
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Katz, Blum, Waxman, MNRAS 405 (2010) 1458



Some results from AMSO02:
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Some results from AMSO02:
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Some results from AMSO02:

Protons and helium are both “primary” cosmic rays.

Their rigidity ratio has traditionally been assumed to be flat.

Theoretical prediction

AMS : this ratio is not flat.

Rigidity (R) [GV]

x x 2 2 s aaal
10 10? 10°
S. Schael, Moriond 2016 for AMS02




Some results from AMS02:
Also expect: CALET (Marrocchesi, 1512.08059), ISS-CREAM (20177?)

Protons and helium are both “primary” cosmic rays.

Their rigidity ratio has traditionally been assumed to be flat.

Theoretical prediction

AMS : this ratio is not flat.

Rigidity (R) [GV]

10 107 10°

To be clear:
p & He are primary CRs: the heart of the beast.
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Precision cosmology

Planck 2015
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Planck 2015
Constraints on dark matter annihilation

(session V)
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SDSS kinematics of MW halo stars Loebman, et al, ApJ. 794 (2014) no.2, 151

Bovy & Rix, ApJ. 779 (2013) 115
Piffl et al, MNRAS 445 (2014) no.3, 3133-3151 (RAVE)

Baryon

10:

angle between a°°°° & a

Z (kpc)
degrees

__ -SDSSs

_ éDM

10 15
R (kpc)

o
(63}
N
o



SDSS kinematics of MW halo stars Loebman, et al, ApJ. 794 (2014) no.2, 151

Bovy & Rix, ApJ. 779 (2013) 115
Piffl et al, MNRAS 445 (2014) no.3, 3133-3151 (RAVE)
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100 T 1oi
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Testing MOND? B ]
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Milgrom, PRD92 (2015) no.4, 044014 i ]
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_ 0 5 10 15 20
Gaia (2016) R (kpc)

lvezic’, Beers, Juric’, ARA&A 2012. 50:251-304
http://www.cosmos.esa.int/web/gaia/release




Why Lt = NS binding energy?

Roughly speaking, this is expected in CITE just as well.

The initial phase — PNS accretion luminosity — is the same
in NM and in CITE.

CITE predicts this phase goes on longer = O(1) more energy.
But then again nobody predicts any of this to better than O(1).

...compare simulations of the early PNS phase to the data.



numerical simulations: e.g. Perego et al, Astrophys.J. 806 (2015) 2, 275 (1D)

Red: “PUSH”
Green: “No PUSH” =>» early phase <1-2 sec can’t tell NM vs. CITE
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A Simple Model for Neutrino Cooling
of the Large Magellanic Cloud Supernova

D. N. SperGeL, T. PmAN, A. LOEB_.,* J. GoopMAN, J. N. BAHCALL

A simplified analytic model of a cooling hot necutron star, motivated by detailed

* Not enough statistics
« Simple NS cooling works fine (but mind the gap?)

Sure. We have about ~2sigma, no more.

Thing to keep in mind:

CITE may give an alternative where a gap is natural.



Gamma rays from WIMP annihilation:

Annihilation rate density in Galactic halo  Q, = p2(ov),/(4m2)

pi((ov)o)*

Unitarity says:  Q, >
16ﬂ< >f0

Annihilation rate density limit is independent of M.

ds o JUov)o)® dN
/AQ 4w erX(r) = 64x (v ) dE,

J = [aqdQ [ drpj,
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AMSO02 (2013)
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AMS02 (2014 1+11) (last error bar: my rough estimate)
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AMS02 update (2013)

For the first time, (almost!) all ingredients from same experiment
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B/IC

AMSO02 update (2013)
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Is there a hardening feature in the CR grammage?



o PAMELA (2009)
o PAMELA (2011)
o AMSO02 (2013)
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More unique opportunities w/ AMS02:

Relativistic radioactive nuclei: probe high energy CR residence time in the Galaxy

AMS-02 should do better!

Need to tell between these fits (data from 80’s).
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